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Amendments to the Claims 

The listing of claims below is intended to replace all prior listings of claims 
presented in the above-identified application. 

1-6. (canceled) 

7. (currently amended) A method for treating a pathological disord e r 
inducing angiogenesis in a patient that has cardiac ischemia, said method comprising: 

administering a trk receptor ligand to the patient in an amount effective to 
induce angiogenesis and to treat the pathological disord e r cardiac ischemia by inducing 
angiogenesis. 

8. (canceled) 

9. (currently amended) A method according to claim 7, wherein said 
pathological disorder is for inducing angiogenesis in a patient that has a non cardiac vascular 
disorder, said method comprising: 

administering a trk receptor ligand to the patient in an amount effective to 
induce angiogenesis and to treat the vascular disorder. 

10. (currently amended) A method according to claim 9- 55, wherein said 
non-cardiac vascular disorder is selected from the group consisting of atherosclerosis ,-and 
renal vascular disease , and strok e . 

11-13. (canceled) 

14. (original) A method according to claim 7, wherein said trk receptor 
ligand is a trk B receptor ligand. 

15. (original) A method according to claim 7, wherein said trk receptor 
ligand is a trk C receptor ligand. 

16. (currently amended) A method according to claim 7, wherein said trk 
receptor ligand is selected from the group consisting of brain derived neurotrophic factor, 
NT-3, NT-4, and recombinant and small molecule mimics thereof which interact with and 
activate trk receptors. 
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17. (canceled) 

1 8. (original) A method according to claim 7, wherein said administering 

comprises: 

delivering a nucleic acid sequence encoding said trk receptor ligand. 

19. (currently amended) A method according to claim 7, wherein said 
administering is carried out orally, intravenously, intramuscularly, intraperitoneally, 
subcutaneously, by intranasal instillation, by application to mucous membranes ,- 
intracer e bral^, into cerebral spinal fluid, or by instillation into hollow organ walls or newly 
vascularized blood vessels. 

20-54 (canceled) 

55. (currently amended) A method according to claim 7- 9, wherein said 
pathological vascular disorder is a non-cardiac vascular disorder. 

56. (new) A method according to claim 9, wherein said trk receptor ligand 
is a trk B receptor ligand. 

57. (new) A method according to claim 9, wherein said trk receptor ligand 
is a trk C receptor ligand. 

58. (new) A method according to claim 9, wherein said trk recep tor ligand 
is selected from the group consisting of brain derived neurotrophic factor, NT-3, NT-4, and 
recombinant and small molecule mimics thereof which interact w ith and activate trk 
receptors. 

59. (new) A method according to claim 9. wherein said administering 

comprises: 

delivering a nucleic acid sequence encoding said trk receptor ligand. 

60. (new) A method according to claim 9. wherein said administering is 
carried out orally, intravenously, intramuscularly, intraperitoneally, subcutaneously, by 
intranasal instillation, by application to mucous membranes, or bv instillation into hollow 
organ walls or newly vascularized blood vessels. 
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REMARKS 

In view of the above amendments and the following remarks, reconsideration 
of the outstanding office action is respectfully requested. 

Support for the amendment to claim 16 is set forth on page 11, lines 19-21 of 
the present application. Examples of such small molecules are described in Xie, et. al., 
"Nerve Growth Factor (NGF) Loop 4 Dimeric Mimetics Activate ERF and AKT and 
Promote NGF-Like Neurotrophic Effect," J. Biol Chem. 275(38): 29868-74 (2000)(attached 
hereto as Exhibit 1) and Beglova, et. al., "Design and Solution Structure of Functional 
Peptide Mimetics of Nerve Growth Factor," J. Med. Chem. 43: 3530-40 (2000)(attached 
hereto as Exhibit 2). 

The October 17, 2003, personal interview between Examiner Nickol, applicant 
Barbara Hempstead M.D., Ph.D., and applicants' undersigned attorney is gratefully 
acknowledged. The substance of that interview is set forth below. 

The rejection of claims 7-10, 14-16, 18-19, 26-27, 29-30, and 55 under 35 
U.S.C. § 102(e) as being anticipated by U.S. Patent No. 5,733,871 to Alps et. al., ("Alps") is 
respectfully traversed. 

Alps relates to the treatment of neuronal damage in the central nervous system 
of individuals in need of such treatment. In particular, Alps relates to intravenous 
administration of pharmaceutically acceptable compositions of neurotrophic factors, such as 
bFGF, aFGF, NGF, CNTF. BDNF. NT3, NT4, IGF-I, and IGF-II, for treating or preventing 
neuronal damage as a consequence of ischemia, hypoxia, or neurodegeneration. Thus, Alps 
relates to administration of neurotrophic factors which target neurons to improve survival and 
limit damage (see column 5, lines 36-41). 

Nowhere does Alps disclose inducing angiogenesis in a patient that has cardiac 
ischemia by administering a trk receptor ligand in an amount effective to induce angiogenesis 
and to treat cardiac ischemia (as set forth in claim 7) or inducing angiogenesis in a patient 
that has a vascular disorder by administering a trk receptor ligand in an amount effective to 
induce angiogenesis and to treat the vascular disorder (as set forth in claim 9). In its 
examples, Alps uses focal or global ischemia models to induce neuronal damage. However, 
such models are used to create the symptom that Alps is interested in treating — i.e. neuronal 
damage. There is no indication in Alps that the underlying condition causing neuronal 
damage in Alps is being treated or is capable of being treated in accordance with the present 
invention. There is also no indication that Alps is inducing angiogenesis with trk receptor 
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ligands, as claimed by applicants. All Alps is doing with its neurotrophic factors is what was 
well known in the art to use them for — treating neuronal conditions. On the other hand, 
applicants have gone beyond the known use of such factors in a very different direction and 
discovered that select neurotrophic factors (i.e. trk receptor ligands) can be used for the very 
different purpose of inducing angiogenesis. Since this is nowhere taught or suggested by 
Alps, that reference cannot anticipate or in any way suggest the claimed invention. 

The neurotrophic factors utilized by Alps are wide ranging and, while they 
include trk receptor ligands, they go well beyond them. Indeed, the bulk of the experimental 
work set forth in Alps is with bFGF which is not a trk receptor ligand. In the sentence 
bridging columns 4 and 5 of Alps, it is stated that "[s]ome neurotrophic factors are also 
capable of promoting neurite outgrowth and glial cell and blood vessel restoration or 
inducing cells to secrete other neurotrophic factors." However, in column 9, lines 39-49 of 
Alps, it is made clear that, with regard to promoting blood vessel formation, Alps is only 
talking about bFGF. There is no indication by Alps that any of the other neurotrophic factors 
disclosed in that reference have such capability, let alone that the factors that happen to be trk 
receptor ligands are capable of promoting blood vessel formation. Trk receptor ligands are 
an art-recognized class of neurotrophic factor. See Huang, et. al., Neurotrophins: Roles in 
Neuronal Development and Function," Ann. Rev. Neurosci. 24: 677-736 (2001)(attached 
hereto as Exhibit 3) and Chao, "Neurotrophin Receptors: A Window into Neuronal 
Differentiation" Neuron 9:583-93 (1992) (attached hereto as Exhibit 4). The distinction 
between trk receptor ligands and other neurotrophic factors is well understood in the art. See 
Kandel et al., " Principles of Neural Science pp. 1055-61 (1991) ("Kandel") (attached hereto 
as Exhibit 5) where Table 53-1 sets forth a list of neurotrophic factors of which one class is 
neurotrophins that includes factors acting on trk receptors. As set forth in Figure 3, panel B 
of Kaplan et. al., "Tyrosine Phosphorylation and Tyrosine Kinase Activity of the trk Proto- 
Oncogene Product Induced by NGF, " Nature 350: 1 58-60 (1991) (copy attached to March 
14, 2003, Amendment as Exhibit A), bFGF fails to induce Trk tyrosine phosphorylation in 
PC12 cells treated with 100 ng per ml of bFGF. See also Table 53-1 of Kandel where 
fibroblast growth factors are a separate class of neurotophic factors from the class known as 
neurotrophins, a class that includes factors which act through trk receptors. Thus, the 
indication in Alps (column 9, lines 42-45) that the non-trk receptor ligand, bFGF, is a potent 
"'gliotrophic' factor that promotes the proliferation of brain glial cells (including astroglia 
and oligodendroglia), as well as an 'angiogenic' factor that promotes the proliferation of 
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brain capillary endothelial cells and blood vessels" in no way suggests that trk receptor 
ligands are useful in promoting angiogenesis. 



Since Alps clearly does not teach the claimed invention, it cannot be 



anticipatory and, therefore, the rejection based on this reference should be withdrawn. 



In view of all the foregoing, it is submitted that this case is in condition for 



allowance and such allowance is earnestly solicited. 



NIXON PEABODY LLP 
Clinton Square, P.O. Box 31051 
Rochester, New York 14603-1051 
Telephone: (585)263-1304 
Facsimile: (585)263-1600 



Respectfully submitted, 




Michael L. Goldman 
Registration No. 30,727 
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Previous work indicating that nerve growth factor 
(NGF) protein loops 2 and 4 interact with TrkA recep- 
tors raise the possibility that small molecule mimetics 
corresponding to TrkA-interacting domains that have 
NGF agonist activity can be developed. We applied our 
previously developed strategy of dimeric peptidomimet- 
ics to address the hypothesis that loop 4 small molecule 
dimeric mimetics would activate TrkA-related signal 
transduction and mimic NGF neurotrophic effects in a 
structure-specific manner. A loop 4 cyclized peptide 
dimer demonstrated NGF-like neurotrophic activity, 
whereas peptides with scrambled sequence, added or 
substituted residues, or cyclized in monomelic form 
were inactive. Activity was blocked by the TrkA inhibi- 
tors K252a and AG879 but not by NGF p75 receptor 
blocking antibody. Dimeric, but not monomeric, pep- 
tides partially blocked NGF activity. This profile was 
consistent with that of a NGF partial agonist. ERK and 
AKT phosphorylation was stimulated only by biologi- 
cally active peptides and was blocked by K252a. The 
ERK inhibitor U0126 blocked the neurite- but not the 
survival-promoting activity of both NGF and active pep- 
tide. These studies support the proof of concept that 
small molecule NGF loop 4 mimetics can activate NGF 
signaling pathways and can mimic death-preventing 
and neurite-promoting effects of NGF. This finding will 
guide the rational design of NGF single-domain mimet- 
ics and contribute to elucidating NGF signal transduc- 
tion mechanisms. 



Nerve growth factor (NGF) 1 acts via TrkA and p75 receptors 
to regulate neuronal survival, promote neurite outgrowth, and 
up-regulate certain neuronal functions such as mediation of 
pain and inflammation (1-5). These actions suggest that NGF 
agonists or antagonists might be useful in regulating these 
processes (6-8). Factors limiting therapeutic applications of 
the NGF protein include restricted penetration of the central 
nervous system and the poor medicinal properties characteris- 



* This work was supported by the Alzheimer's Association (to F. L.), 
the John Douglas French Foundation (to F. L.), the Veterans Adminis- 
tration (to F. L.), and National Institutes of Health Grant NS37309 (to 
T Y ) The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

$ To whom correspondence should be addressed: Dept. of Neurology, 
VAMC/UCSF, 4150 Clement St., San Francisco, CA 94121. Tel.: 415- 
750-2011; Fax: 415-750-2273; E-mail: LFM@itsa.UCSF.edu. 

1 The abbreviations used are: NGF, nerve growth factor; HPLC, high 
performance liquid chromatography; ERK, extracellular signal-regu- 
lated kinase; DRG, dorsal root ganglia; MTT, 3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide; BDNF, brain-derived neurotro- 
phic factor. 



tic of most proteins (9, 10). The development of small molecule 
mimetics with favorable chemical properties that function as 
agonists or antagonists that mimic or inhibit NGF functions in 
the appropriate biological context will be critical in advancing 
potential in vivo applications of NGF. Moreover, in settings in 
which NGF might contribute to neuronal death, pain, or in- 
flammatory mechanisms, NGF antagonists may be particularly 
relevant. Creation of single domain NGF mimetics will also 
constitute a powerful approach for linking specific NGF do- 
mains with specific patterns of intracellular signal 
transduction. 

A NGF mimetic (agonist or antagonist) would be expected to 
contain structural determinants of one or more NGF active 
sites that interact with NGF receptors. Multiple techniques 
have been used to deduce which domains of the NGF protein 
interact with NGF receptors (11). A peptide mapping approach 
in which synthetic peptides with sequences corresponding to 
specific NGF regions were tested for their ability to inhibit 
NGF activity pointed to residues 29-35 as a key active site (12). 
Subsequent NGF crystallography and molecular modeling 
studies revealed that NGF contains three surface hydrophilic 
/3-hairpin loops (loops 1, 2, and 4) that are likely candidates for 
receptor interaction sites (13-15). Loop 1 consists of the previ- 
ously mapped residues 29-35, and subsequent studies con- 
firmed that region 29-35 synthetic peptides inhibited NGF 
activity and NGF p75 receptor binding (16). Recombinant sub- 
stitution studies indicated that residues Lys 32 and Lys 34 (17) 
and other residues (18) are likely to interact with p75 recep- 
tors. The NGF sites interacting with TrkA have also been 
derived via chemical modification (11, 19, 20), recombinant 
protein (18, 20-23), and NGF-TrkA co-crystallization ap- 
proaches (24). Taken together, these studies indicate that TrkA 
binding sites consist of residues in NGF loop 2 (residues 40- 
49), loop 4 (residues 91-97), the N terminus (residues 1-8), and 
the C terminus (residues 111-115). 

We have established that synthesis of peptide derivatives 
mimicking single NGF domains provides an approach for de- 
riving the proof of concept that mimetics of a given single-site 
domain can function as NGF antagonists or agonists (12, 25). 
This approach has demonstrated that a cyclized dimer, but not 
linear or cyclized monomer peptides, corresponding to NGF 
loop 1 can function as a NGF agonist to prevent neuronal death 
via a p75-dependent, Trk kinase-independent signaling mech- 
anism (25). The establishment of this proof of concept for NGF 
loop 1 along with the emerging role of peptidomimetics as a key 
intermediate-stage strategy in small molecule drug design (8, 
26-28) will contribute to rational screening and design pro- 
grams for producing potent NGF small molecule mimetics with 
agonist activity. Our NGF dimeric peptidomimetic strategy has 
been further encouraged by the synthesis of small peptides 
mimicking the 34-kDa dimeric protein erythropoietin and the 
finding that erythropoietin receptor activation by peptidomi- 
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metics also requires the dimeric form (30) These erjhropoie- 
tin Dentidomimetics have served as starting points for the 
design of erythropoietin small molecule compounds (31). Using 
Series derived from our development of a NGF loop 1 di- 
meric peptidomimetic with agonist activity, we tested the , hy_ 
nothesis that dimeric peptidomimetics corresponding to NGF 
toop 4 can function as NGF agonists to mimic NGF biological 
activity and activate well established NGF signaling interme- 
diates Studies describing the biological activity of the present 
loop 4 mimetics have been published in abstract form (63). 



EXPERIMENTAL PROCEDURES 
Peptide Synthesis, Purification, and CharacterUation-Uetoote for 
^rSwnthesis purification and characterization were conducted as 
S^edCvf usly (25). Peptides were synthesized in the C-term.nal 
XtoTSJ Peninsula Laboratories (Belmont, CA) Allowing our 
« Tn . The amide form was chosen to reduce susceptibility to 

p^SeavSePp^ 

Cys^ne or peniefflamine (ftp-dimethylcysteine) residues were 
S to eXnd 01 the linear sequence to provide sulfhydryl groups 
foVoridative peptide cyclization. Penirillamine has been found to facil- 
ItorcycltX and to provide greater conformational constraint rela- 
^ C ;steine-cyst e inec y cliza t ion(33,34) f Peptide, ™^ 
Himpric forma via oxidative formation of disulfide bonds 
hvthe aStio^ ^oXFeC^ to peptides solubilized in water at either 

Z) aZ cyclization, peptides were lyophilized and then punfied by 
r^erShlse HPLC U2, 25). Analytical HPLC was used to confirm a 

^eSoTfrom each purified HPLC fraction was used for quanti- 
tative S acid analysis to confirm peptide composition and to deter- 
tetive amino a. j .y d ^cliied state of each peptide 

wa Tfu"£nn^^ 

Tl^ALm) mass spectrometry to determine molecular mass (A^Spec 
mTsan Jose, cA). Before each bioassay, peptide ahquotswer lyoph- 
flized and resuspended to known concentrations m culture med,a. 

BU^saTs for Neurotrophic Acuity-Dorsal root ganglia were dis- 
sectS embryonic day 8 chick embryos and placed incakium end 
secteo. irom ei ' .f balance d salt so ution on ice. Ganglia were 
STZSS aEubatd for 20 min in 2.5 ml of 0.05% trypsin 
«Jm -C washed once with 4 ml of culture medium (Dulbecco's modified 
la JeSuTH21 with glutamine, 1 mM pyruvate, 3.0 goiter glucose 
3 7 Jiter kcO, and 10% fetal calf serum) and dissociated in 1.5 nJ of 
culturTmedlum by gentle trituration (10-15 times) through a 1-mm- 
2SS«d gll pipette. The -^ -n su, = n was di- 
luted to 7 ml in culture medium and added to a ^^^cZ 
plastic tissue culture dish (Falcon) and incubated for 2.5 hat 37 C m 
BftCO 95% air resulting in a supernatant containing -80% neurons. 
Z 96-weU p^te studies (Coster A/2, 0.16 cnvVwell) wells were pre- 
coated wWx 50 ^ell polyornithine (Sigma; 0.1 mgtal m phosphate- 
buffered saline) for 1 h followed by 50 ^d/well laminin (Life Technolo- 
5T£ 10 m7ml in phosphate-buffered saline) for 3 h to provide a 
fubstrale' passive for neurite outgrowth. Following lanumn coating 
ea" Sd 25 „1 of peptide serially diluted in culture medium 
and 125 a\ of cell suspension (60,000 cells/ml, "onm^C*- 
tol cultures performed with each assay included serial dilutions of 
NGF to generate NGF dose-response curves and cultures without NGF 
ofpeSife^ te determine background survival. Background survival 
was Sly 5-15% that seen with optimal concentrations of NGF. 
XsTsubnLillary P NGF, generously provided by Dr. William Mob- 

^FoTtwefpfate ^udiesSstar 9.5 cm'/well) weUs were pre-coated 
witt 1 0 mVweU of polyornithine and 1.0 ml/well of lanumn at the 
concentrations listed above. Highly purified neuronal preparations 
werTotaned by incubating ORG cell mixtures in 100-mm diameter 
JeTtic tissue culture dishes coated with type I rat ^<f£? <JJ 

assessed by a combination of morphological cntena and the MTT co 
™T P 7* (25) MTT was added to cultures 20 h or 68 h after cell 

SS respectively. Under phase contrast microscopy, the number of 



surviving neurons per area was determined using a combination of 
MTT staining and morphological criteria (25). 

For 96-weU plate assays, horizontal and vertical strips of each well 
were examined, and the number of surviving cells (defined as large 
intact cells without fragmented cell membrane or accumulations of 
vesicles and containing blue MTT product) were counted J?or each 
oeotide or NGF concentration, duplicate wells were counted in each 
bioassay, and four values (two strips counted/well) were averaged_ For 
6-well plate assays, a vertical strip encompassing 12 microscopic ifields 
was assessed. The number of surviving neurons ,n each field was 
counted, and the average of the 12 counts was determined for each well. 
In the presence of NGF, 25-45 surviving neurons per field were 

CT fitL yS with P 75 Antorum-Antiserum (antibody 9561) directed 
against the third and fourth cysteme-rich repeats of ttie 
domain of mouse P 75 was generously provided by Dr. Moses ChaaThis 
antibody inhibits NGF neurotrophic activity by interfering with Nlrf- 
P 75 interaction (36). Antiserum and control non-immune sera were 
tested at final dilutions of 1:100 in the presence of NGF °r P ephde_ 

Bioassays with Trk and ERK Inhibitors— The Trk inhibitors K252a 
(Calbiochem) or AG879 (Calbiochem) were add ^ cultures at «^ 
concentrations of 100 nM and 10 „M, respective fr- ^ «^ 7 *T^" 
added concomitantly with NGF or P92. ERK inhibitor U0126 and te 
inactive control U0124 (Calbiochem) were prepared as a 500 ^ solu- 
Tn m X-e medium with 2.5% Me^O and added to cultures tea 
final concentration of 50 „M. DRG cultures were place in serum-fr^ 
medium and pretreated for 1 h with 50 ERK mhibitor U0126 or its 
control before the addition of NGF or P92. 

Measurement of ERK or AKT Actiuat/on-Neuron-ennched cell sus- 
pensions were plated in 6-well plates under the same conditions as 
S for bio'assays, except that the number of cells plated per wel 
was increased by approximately 2-fold. Two hours after plating, NGF or 
peptides were added. For K252a experiments, neurons were pre-mcu- 
bated for 10 min with K252a at a final concentration of 100 nM before 
fte addition of NGF or peptide. After 10 min, 30 mir. o, "3 i of cute™, 
cells were lysed at 4 "C in lysis buffer (20 mM Tns-HCl, P H 7.5, 137 vm 
NaCl, 1% Nonidet P-40, 10% glycerol, 500 ^ sodium orthovanadate 1 
mM phenylmethylsulfonyl fluoride, 10 ^ W 0 ^*"™™ 
Insoluble material was removed by centnfugation at 4 C (10,000 x * 
for 10 min). Supernatant protein concentrations were determined by 
the BCA method (Pierce). Equal amounte of protem were inixed w^ 
electrophoresis sample buffer (100 mM Tns, pH 6.8, 2% SDS 10% 
glycerol, 0.1% bromphenol blue containing 100 mM dithiottaitol), 
Sfor 5 min, and applied to 7.5% acrylamide gels with a 5% stacking 
geiCeins were electrophoretically transferred to. nitroceMose fil- 
ters (Amersham Pharmacia Biotech) for 1 h at 100 V. Filters were 

7.5, 137 mM, 0.2% Tween 20) for 1 h at room temperature foUowed by 
incubation overnight at 4 °C with 0.5 ^ monoclonal P^-P^ 
MAPK antibody or 1:500 dilution of rabbit polyclonal phospho-AKT 
(New England Biolabs, Beverly, MA). Blote were washed five 
toes withTBSTfsmin/wash), incubated forlhwith ^^Tf 
peroxidase-conjugated anti-mouse IgG antibody or anti-rabbit IgG (Am- 
ersham^harmacia Biotech), washed again with TBST, and then pro- 
celseTwith the Amersham Pharmacia Biotech ECL detection kit. After 
exposure to x-ray film, blots were stripped and processed again using a 
Solution of polyclonal P 44/p42 MAPK antibody or 1:500 ^uUon 
of polyclonal AKT antibody (New England Biolabs, Beverly, MA). 
Chemauminescence autoradiographs in the linear range were dens.to- 
metrically scanned. 



RESULTS 

A Dimeric Peptide Containing NGF Residues 92-96 Func- 
tions as a Partial Agonist-la previous studies we determined 
that dimerization via cysteine and penicillamine residues was 
required for activity of NGF loop 1 peptidomimetics (25) 
Therefore, an analogous approach was applied to NGF loop 4 
peptides (Fig. LA). In a first series of assays the effects of 
oeBtide P92 and various control peptides on neuronal survival 
were determined using a standard 24-h assay of NGF survival- 
promoting activity (25). P92 contains NGF loop 4 residues 
ff. Asp 93 , Glu 94 , Lys 95 , and Gin 96 (TDEKQ). Residues 
Glu 94 ' Lys 95 ' and Gin 96 have been shown to mediate TrkA 
binding and activation (21, 22). Dimeric peptide P92 promoted 
neuronal survival at a level 3-fold higher than base-line sur- 
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A. P92: Pen-T-D-E-K-Q-C-NH2 

| I 
Pen-T-D-E-K-OC-NH2 



P92P: Pen-T-D-E-K-OPen-NH2 

| 1 
Pen-T-D-E-K-0-Pen-NH2 



1O0-. 



P92S: Pen-D-aK.T-E-C-NH2 P*>: L-Pen-T-D-E-K-Q-C-A-NH2 



pin-OQ-K-T-E-C-NH2 
P92M: Pen-T-D-E-K-QC-NH2 



L-Pen-T-D-E-K-Q-C-A-NH2 





1000 



Peptide (*iM) 



Fig 1 NGF loop 4 peptides prevent neuronal death. A, peptides 
contlnS^ 

vfedtalfide bond formation between cysteine or V^f^T^ 
Tesiduet Variations used to assess structure-activity relationships m- 
SSSSL between penicillamine residues (P92P) scrambling of 
t^(P92SXadditionof residues 

(P90), and cyclization to the monomenc form (P92M). B, chick f^^ 0 
DRG neurons were cultured, and survival was measured at 2 4 h as 
^c^JhAH nnder "Experimental Procedures/ P92 prevented cell death 

o:r a — 

At concentrations greater than 125 ^ f^I^^^^Z 
nf 15% that of the NGF maximum (not shown). C and ^scrambling 01 
^d^cycUz^ion via Pen-Pen groups, and addition of nankmg res- 
ides resu^ complete loss of activity. E, starting in the dose range 
rf^eTTSS but not P92M, inhibited NGF activity For each 
pept^^^ 
S.E. is shown. 



vival levels and 10-15% of the maximum survival promoted by 
NGF (Fig IB). This effect was dose-dependent over a range ol 
8-125 iul In separate studies, doses up to 250 om showed no 
further increase in survival promoting effect, suggesting that 
P92 was functioning as a NGF partial agonist rather than full 
agonist The term partial agonist is used in the present study to 
describe a ligand producing a maximum response lower than 
the maximum response produced by the full or natave (i.e. NGF) 
agonist (37). 

Structure-function studies based on P92 variants were con- 
ducted (Fig 1, B-D). The monomelic form of P92 had no activ- 
ity indicating that the survival-promoting effect of P92 was 
dimer-dependent. The activity of P92 was lost entirely if resi- 
dues were scrambled (P92S) or if the amide terminus Qrsteine 
was substituted with a penicillamine residue (P92P) For pep- 
tide P90 amino acid residues were added at either end in order 
to flank the cysteine and penicillamine moieties and further 
restrain peptide conformation. This approach for additional 
structural constraint led to increased potency for cyclic RGD- 
containing fibronectin peptides (34). In the case of the P92 
peptide, activity was lost entirely when flanking residues were 
added These structure-function studies demonstrated that the 
activity of P92 was highly sequence- and structure-dependent. 

P92 Displays the Activity Profile of a Classic Partial Ag* 
nist—To further characterize the partial agonist nature ot £9/ 
and further establish its interaction with NGF receptors, P92 



4 / 

Fig 2 P92 promotes neuronal survival in long tem cultures. 

NGF (400 pg/ml) and the peptides P92 dimer ^(P92D) P92 monomer 
fl»92M), or P92 with scrambled sequence (P92S) were added to cultures 
125 ^ final concentration) followed by fixation after 1 (Wacft 6ars) or 
3 dAippled bars). Using phase contrast microscopy * e ™™ b * r <» 
surviving neurons were counted. The mean ± S.E are shown. At both 
STdays, P92 stimulated a significant degree of survival compared 
with that fimnd in control (culture medium (CAO) cultures (p < 0.0001, 
n = 24 fields counted, Mann-Wmtney test). 

in either monomelic or dimeric form was added to cultures in 
the presence of a fixed concentration of NGF. By definition, a 
partial agonist functioning at the same receptor as the native 
ligand would be expected to compete with and, thus, partially 
inhibit the effect of the native ligand (37, 38). As shown in Fig. 
IE P92 dimer but not P92 monomer inhibited NGF activity by 
approximately 40% in a dose-dependent manner. This inhibi- 
tory effect began to be clearly detectable over the concentrabon 
range of 32 to 64 mm. This pattern of inhibition of NGF by 
dimer was consistent with P92 functioning as a NGF partial 
agonist and also consistent with previous work showing that 
cyclized peptides corresponding to loop 4 block NGF binding to 
TrkA over a similar concentration range (16). The absence of 
inhibitory activity by the P92 monomer further indicated that 
the P92 dimer activity profile was structure-dependent. 

P92 Demonstrates Neurotrophic Activity in Long Term Cul_ 
tures-ln long term DRG cultures (greater than 24 h) NGF 
promotes both neuronal survival and neunte outgrowth (39). 
To determine whether P92 activity also resembled that of Nut 1 
beyond the 24-h period, assays underwent two key modifica- 
tions Highly purified preparations of neurons were obtained so 
that the presence of proliferating non-neurons would be mini- 
mized. In addition, 6-well plates were used, allowing neurons to 
be plated at very low densities, allowing greater area for neu- 
rite outgrowth. Under these conditions, assessment of the num- 
ber of surviving neurons per area showed that P92 supported 
survival at levels 2-fold greater than background and at 38% ot 
the NGF maximum survival activity in both 1-day and d-oay 
cultures (Fig. 2). This level of activity, measured as a percent- 
age of the NGF effect, was more than 2-fold higher than the 
10-15% range observed using the standard 96-well assays. 
Monomeric and scrambled forms of P92 had no activity, again 
demonstrating that P92 NGF mimetic activity was structure- 
and sequence-dependent. The morphological features of DRG 
cultures supported by NGF and peptides are shown in Fig. 6 
Gross cellular morphology and overall neurite outgrowth pat- 
terns appeared similar in NGF- and P92-treated cultures^ 
6-well plate cultures, essentially all NGF- and P92-supported 
surviving neurons were associated with neurites. This pattern 
was in marked contrast to NGF loop 1 peptidomimetics, which 
primarily promoted neuronal survival with relatively less ef- 
fect on neurite outgrowth (25). 
The Survival-promoting Activity of P92 Is Blocked by IrkA 
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Fig 3 P92 promotes survival and neurite outgrowth of DRG 
neurons. DRG neurons were cultured in the presence of control culture 
medium (A), NGF at 400 pg/ml (B), P92 scrambled at 125 (C), and 
poo a t 125 llM (D) MTT was added to cultures 4 h before fixation, and 
cultures wire fixed after 3 days. The addition of P92, but not P92 
scrambled, was associated with surviving, intact neurons containing 
MTT product and extensive neurite outgrowth. 

Inhibitors but Not by p75 Antibody— Inhibitors of the TrkA and 
p75 receptors known to block NGF activity were used to further 
test the hypothesis that P92 acts via NGF signaling mecha- 
nisms Although no inhibitor entirely specific for TrkA ^avail- 
able, K252a is relatively specific for TrkA (40-42) and would be 
expected to block activity of P92 if its action were TrkA-depend- 
ent. Similarly, the TrkA inhibitor AG879 (43) would also be 
expected to block P92. Since the tyrosine kinase targets of 
K252a and AG879 are partially non-overlapping (41, 43), inhi- 
bition of P92 by both compounds would further support the 
hypothesis that P92 acts via TrkA. As shown in Fig. 4, the TrkA 
inhibitor K252a blocked NGF activity by 66% and blocked P92 
activity by 49%. AG879 blocked NGF by 85% and blocked P92 
activity by 66%. In contrast, p75 receptor antibody partially 
blocked NGF as previously established (25, 36) but had no 
effect on P92 activity. These findings supported the hypothesis 
that P92 prevented neuronal death primarily via TrkA 

receptors. . 

P92 Induces ERK and AKT Activation— Activation of TrkA 
receptors by NGF triggers multiple signaling cascades includ- 
ing the ERK and AKT pathways (1, 2, 44-48). As established 
by these previous studies, ERK and AKT activation were as- 
sessed using the ERK and AKT phosphorylation assays. As 
shown in Fig. 5, A and £, P92 induced ERK activation. At the 
10- and 30-min time points, P92 induced ERK activation to 17 
and 16% of the levels induced by NGF, respectively. At the 3-h 
time point, P92-induced ERK activation remained above base 
line at 9% that of NGF levels. The relative level of P92-induced 
ERK signaling was proportional to its relative neurotrophic 
efficacy as compared with NGF. The hypothesis that P92 acts 
via TrkA receptors also predicted that the TrkA inhibitor 
K252a would block P92-induced ERK activation. As shown in 
Fig. 5C, K252a blocked ERK activation induced by both NGF 
and P92. 

P92 also induced AKT activation (Fig. 6, A and B). At the 10- 
and 30-min time points, P92 induced AKT activation to 26 and 
66% that of the levels induced by NGF, respectively. At the 3-h 
time point, P92-induced ERK activation remained above base 
line at 14% that of NGF levels. Consistent with the partial 
agonist effect of P92, the degree of AKT activation was less 
than that induced by NGF. The hypothesis that P92 acts via 
TrkA receptors also predicted that the TrkA inhibitor K252a 
would block P92-induced AKT activation. As shown in Fig. 6C, 
K252a blocked AKT activation induced by both NGF and P92. 




20- 



Fig 4. Effect of TrkA and p75 inhibitors on P92 activity. NGF 

or P92 was added to cultures in the presence of the TrkA inhibitors 
K252a or AG879 or p75 blocking antibody (Afc) 9561. K252a signifi- 
cantly inhibited both NGF (p < 0.0001, n = 5 assays, Mann-Whitney 
test) and P92 (p < 0.05, n = 5 assays) death-preventing activity. AG879 
also significantly inhibited both NGF (p < 0.0001, n = 5 assays) and 
P92 (p < 0 0001, n = 5 assays) death-preventing activity. Antibody 
directed against the p75 receptor inhibited NGF (p < 0.0001, n = 6 
assays) but not P92 activity. CAT, culture medium base-hne survival. 
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Fig 5. P92 activates ERK tyrosine phosphorylation. A and 3, 

DRG cells were incubated in culture medium (CM) without additive or 
with NGF (10 ng/ml) or P92 (250 pM) for 10 min, 30 min, or 3 h. After 
incubation, cells were collected, and protein extracts were subjected to 
polyacrylamide gel electrophoresis and transferred for Western Wot- 
ting Blots were first probed with anti-phosphorylated ERK (EKK-p) 
antibody and then reprobed with anti-ERK antibody. Blots were ex- 
posed to x-ray film, and film was processed by scanning densitometry. 
The ratio of signal derived from phosphorylated ERK over ERK bands 
was calculated (n = 3 separate Western blots for 10 min and 3 h time 
points and n = 7 blots for 30-min time points; mean ± S.E. is shown). 
C, DRG cells in culture medium (CM) without additive or with NGF (1U 
ng/nl) or P92 (250 /im) were also incubated with or without K252a (200 
nM). After 10 min, cells were processed as described for A and B, and the 
ERK signal was assessed. 

ERK Inhibitor U0126 Blocks NGF- and P92-induced Neurite 
Outgrowth but Not Neuronal Survival— The hypothesis that 
the P92 mimics NGF via ERK signaling was further assessed 
using the ERK inhibitor U0126 and its inactive chemical con- 
trol U0124 (49). As shown in Fig. 7, U0126, but not U0124, 
inhibited neurite outgrowth induced by both NGF and P92. 
Quantitative analysis of neuronal survival showed that U0126 
had no effect on cell survival supported by NGF. The survival 
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Fig 6 P92 activates AKT serine phosphorylation. A and B, 

DRG celis were incubated in culture medium (CM) without additive or 
with NGF (10 ng/ml) or P92 (250 tiM) for 10 min, 30 mm, or 3 h. After 
incubation, cells were collected, and protein extracts were subjected to 
polyacrylamide gel electrophoresis and transferred ^ Western blot- 
tine Blots were first probed with anti-phosphorylated (Ser ) AKT 
(AKT-p) antibody and then reprobed with anti AKT antibody Blots 
were exposed to x-ray film, and film was processed 
tometry. The ratio of signal derived from phosphorylated AKTover AK1 
bands was calculated (n = 4 separate Western analyses for 10 nun and 
3 h time points and n = 6 for 30-min time points; mean ± S.E is shownX 
C DRG cells in culture medium (CM) without additive or with NGF (10 
n4hl) P92 scrambled control (P92S; 250 a*m), or P92 (250 pM) were also 
intubated with or without K252a (200 mi). After 10 min, cells were 
processed as described for A and B, and the AKT signal was assessed. 

level in the presence of U0126 was 99.5% that measured with- 
out U0126. Similarly, U0126 had no effect on cell survival 
supported by P92, with survival in the presence of U0126 at 
104% that measured without U0126. These findings are con- 
sistent with previous studies demonstrating that inhibition of 
growth factor-induced ERK pathway signaling results in a loss 
of neurite outgrowth without affecting cell survival (50, 51). 
The matching profile of the inhibitory effects of U126 on NGF 
and P92 further support the hypothesis that P92 acts in part 
via NGF-like activation of ERK signal transduction. 

DISCUSSION 

These studies demonstrate that P92 dimeric peptidomimet- 
ics can activate TrkA-related signaling intermediates and 
mimic neurotrophic actions of NGF in primary neurons. To- 
gether with previous work showing that NGF loop 4 interacts 
with TrkA (21-23) and that loop 4 monomelic peptidomimetics 
block the binding of NGF to TrkA (16), the present study 
supports the possibility that NGF loop 4 mimetics can serve as 
a basis for development of NGF small molecule therapeutics. 

Eight lines of evidence support the hypothesis that P92 acts 
in part via TrkA-related signal transduction. First, P92 corre- 
sponds to NGF loop 4, one of the two primary NGF loop do- 
mains interacting with TrkA receptors (22, 23). Deviations 
from the loop 4 sequence eliminated activity. Second, P92 ac- 
tivity is highly structure-dependent; alterations in cyclization 



Fig 7 ERK inhibitor U126 blocks the neurite outgrowth-pro- 
moting effects of NGF and P92. DRG neurons were cultured in the 
presence of culture medium (A), NGF without inhibitor (B), NGF with 
inactive U0124 control (C), or NGF with U0126 ERK inhibitor (D). In 
the same experiments, neurons were also cultured in the presence ot 
P92 without inhibitor (£), P92 with inactive U0124 control (A or P92 
with U0126 (G). Cultures were fixed after 12 h. NGF and P92 concen- 
trations were 10 ng/ml and 250 jtM, respectively. U0126 and UO 124 
were added to reach a final concentration of 50 yM. U0126, but not 
U0124 led to a decrease in NGF-induced neurite outgrowth (D versus 
C). Similarly, U0126, but not U0124, led to a decrease in P92-induced 
neurite outgrowth (G versus F). 

or flanking residues eliminated activity. Although conforma- 
tional states of P92 and P90 were not directly measured, the 
loss of activity associated with the likely increased conforma- 
tional constraint of P90 is consistent with studies suggesting 
that NGF p-loop conformational flexibility is required for in- 
duced-fit ligand recognition of TrkA (14). Third, P92 partially 
inhibits NGF bioactivity in a structure-dependent manner. 
Moreover, P92 inhibited NGF over the same concentration 
range that a cyclized peptide containing NGF residues 92-96 
was shown to block 125 I[NGF] binding (16). Fourth, the biolog- 
ical profile elicited by P92 of both preventing neuronal death 
and stimulating neurite outgrowth parallels that triggered by 
NGF interaction with TrkA. Fifth, the absolute requirement of 
dimerization for P92 activity is consistent with models in which 
the NGF protein dimer induces receptor dimerization. Sixth, 
P92 activity was blocked by the TrkA inhibitors K252a and 
AG879. Although inhibitors entirely specific for TrkA are not 
available, the largely non-overlapping tyrosine kinase target 
profiles of these Trk inhibitors suggests that P92 activity is 
TrkA-dependent. Seventh, P92 stimulates ERK and AKT acti- 
vation. In addition, the lower amplitudes of ERK and AKT 
activation compared with that of NGF are consistent with the 
partial efficacy of P92. As found with NGF, P92-induced ERK 
and AKT activation was blocked by K252a. Eighth, the neurite 
outgrowth activity but not the survival promoting activity of 
both NGF and P92 was blocked by the ERK inhibitor U0126. 

Given the limited quantities of cells and TrkA protein pres- 
ent in primary neuron based assays, evidence suggesting that 
P92 acts directly with TrkA receptors is largely indirect. Stud- 
ies of P92 direct actions at the TrkA receptor including phos- 
phorylation of specific TrkA-activating tyrosine residues, re- 
ceptor cross-linking, ligand cross-linking, and binding studies 
will require application of P92 to TrkA-expressing cell lines 
where cell numbers and TrkA protein levels are sufficient. The 
finding that P92 promotes both TrkA-related signaling and 
neurotrophic effects in the biological context of primary neu- 
rons will encourage direct receptor mechanism studies for P92. 
While the present studies were underway, Maliartchouk et al 
(52) demonstrated that a loop 4 dimeric peptide, 0(92-97)^^, 
supported survival at 19% that of the NGF maximum in assays 
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using the 4-3 6 cell line (rat neuroblastoma cells expressing 
human TrkA). In the same assays, the previously reported loop 
4 monomer, 0(92-96), had no survival effect. Interestingly, 
0(92-97)* but not 0(92-96), induced TrkA tyrosine phos- 
phorylation tat the same cell line. Signaling studies were not 
conducted in primary neurons. Taken together, these and the 
present studies support the possibility that loop 4 mimet.cs can 
be developed that act via TrkA and its downstream signaling 

^Thl partial agonist nature of the P92 activity is of particular 
interest. In general, partial agonism can result from either 
"incorrect" fit between the partial agonist and receptor or cor- 
rect" but incomplete receptor binding (38). NGF interaction 
with TrkA induces both dimerization and conformational 
changes of TrkA (53); therefore, the absence of full agonist 
activity by a NGF small molecule mimetic could result from tiie 
absence of either of these binding properties. Parallel NGF 
TrkA and P92/TrkA co-crystallization and physical-chemical 
studies will play an important role in elucidating binding 
mechanisms and designing P92 derivatives more closely mim- 
icking NGF-TrkA binding. The NGF two-receptor system 
raises other potential mechanisms contributing to the partial 
aeonist profile of P92. Several studies suggest that unbound 
p 75 negatively regulates and bound P 75 positively regulates 
TrkA function (54, 55, 56). Thus, the absence of P 75 hgand 
interaction by a TrkA agonist might result in reduced TrkA 
signaling. A similar mechanism was suggested by thefmding 
that TrkA-directed antibodies achieve only partial NGF re- 
sponses (55, 57). It is also important to note that a given partial 
agonist can be associated with a wide range of efficacies for 
different signal transduction and biological end points ^(58) 
Thus it will be important to assess the effects of P92 and 
subsequent partial agonist derivatives on additional signaling 
intermediates and to include additional biological end points 

Another key feature of the partial agonist profile is the well 
established precedent that the partial agonist nature of some 
compounds makes possible their application in vivo as antag- 
onists while maintaining low levels of receptor stimulation. For 
example drugs such as clonidine, oxymetazoline, and tamoxa- 
fin are partial agonists with efficacies well under 50% that of 
their full agonist counterparts (58-60). In pathological states 
such as neural regeneration, NGF agonists might be relevant 
However, given the important functions of endogenous NGF, it 
is likely that NGF partial agonists rather than pure antago- 
nists will be useful for down-regulation of the contribution of 
NGF to states of chronic pain or inflammation (61). The proof of 
concept demonstrated here that NGF loop 4 small molecule 
mimetics can function as partial agonists to activate TrkA- 
related signaling intermediates in primary neurons points to 
important novel and physiologically relevant signal transduc- 
tion and biological end points that should be included in the 
screening and design of NGF small molecule mimetics. This 
proof of concept is also likely to be important for other neuro- 
trophins such as brain-derived neurotrophic factor (BDNF). 
For example, the finding that cyclized monomers correspond- 
ing to loop 2 of BDNF function as BDNF antagonists (62) raises 
the possMity that dimeric peptidomimetics of BDNF might 
demonstrate agonist or partial agonist activity. 

The distinct profiles in receptor dependence and biological 
profiles of the P92 NGF loop 4 mimetic described here and the 
previously described NGF loop 1 mimetic P7 (25) constitute a 
first reduction-to-practice of the theoretical possibility that 
neurotrophin small molecules mimicking different domains 
might act via differential mechanisms to trigger differential 
responses. Although P92 is likely to act via TrkA-related sig- 
naling P7 was found to act via a P 75-dependent, TrkA-inde- 



pendent mechanism. P92 promoted both survival and neurit* 
outgrowth, whereas P7 primarily promoted survival rather 
than neurit* outgrowth. This distinction in biological activity 
profile is consistent with studies demonstrating that TrkA 
regulates both survival and neurite outgrowth, whereas p75 
primarily regulates cell death (3, 4, 17, 29). These distinct 
profiles in TrkA versus p75 mediation and resulting biological 
activity by the P92 and P7 peptidomimetics indicate that it 
may be possible to design small molecule NGF mimetics acting 
via partly non-overlapping signaling networks to promote (or 
prevent) different sets of biological end points. It is clear that 
peptidomimetics do not have the potency or chemical properties 
necessary for medicinal compounds. Nevertheless, the identi- 
fication of a NGF loop 4 partial agonist peptidomimetic and the 
structure-function relationships demonstrated here will serve 
as an important guide for rational NGF small molecule screen- 
ing and design programs. 
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n Smm free Stiun and™ induce TrkA tyrosine phosphorylation. NMR structural stud.es 
were us^d ^io dSemined the backbone conformation and the spatial orientation of side chains 
rnvolvedln the TrkA receptor. Peptides that form type I or type yL-aR ^-turns were 
the most actWe The variety of active loop conformations suggests that the rmmet,cs (and NGF) 
the mos \f^ el ? J y f 'Educed fit' mechanism. In agreement with tins 

h^S^ 

fnactWe Thte may be representative of difficulties in producing structural and functional 
mimetics by retro-inverso schemes. 



Introduction 

Nerve growth factor (NGF) belongs to the neurotro- 
pic family of growth factors. 1 - 2 It is important for the 
regulation of neurons during development and in neuron 
regeneration after injury. Neurotrophic interact with 
two different transmembrane receptors: Trk and p75. 
TrkA is the NGF-specific tyrosine kinase receptor, 
whereas the p75 receptor interacts with all members 
of the neurotrophin family with similar affinity. Both 
receptors are important for NGF function and cooperate 
when coexpressed. . 

NGF and its TrkA receptor are relevant in several 
pathological states. Target diseases include neuropa- 
thies of NGF-dependent neurons, 6 - 8 therapy of acute 
nervous system injury such as ischemic stroke and spi_ 
nal cord injury, 9 and neuroectoderm-derived tumors. 
The high level of proteolytic degradation of proteins and 
difficulties associated with their administration limit 
their usefulness as therapeutics. Therefore, it is desir- 
able to search for small peptides and nonpeptidic 
compounds that bind to selective receptors and either 
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mimic or antagonize neurotrophin activity. Small mol- 
ecule agonists or antagonists have potential in ther- 
apy. 13 " 16 As a diagonistic tool, TrkA ligands were used 
to localize TrkA-expressing tumors in vivo 17 and to 
demonstrate a role for NGF in the maintenance of adult 
cholinergic neurons. 18 

Turns in protein structure often contain the function- 
ally important residues 19 " 22 and can serve as templates 
for developing peptide mimetics. Structure prediction 
was used to analyze regions in the primary sequence 
around residues critical for enzyme -substrate specific- 
ity These critical regions appeared to have the propen- 
sity for 0-turn formation. 23 The 0-turns are most com- 
mon in the binding interfaces of the complexes 24 and 
are formed by four consecutive residues that determine 
the preferential type of turn. 25 26 Another advantage of 
mimicing^-turns in proteins is that turns are generally 
solvent-exposed and hence turn-derived mimetics are 
more soluble. 

The C-D loop in NGF has been implicated in TrkA 
receptor binding. 27 " 29 * 20 In previous work, we deter- 
mined the structure of bioactive cyclic NAc-C(92-96) 
peptide derived from the C-D loop of NGF 30 The 
0-turn formed by residues Asp, Glu, Lys, and Gin was 
induced by disulfide bond formation between cysteines 
introduced at both termini. This peptide in solution 
interconverts between two types of /3-turns found in 
different NGF crystal structures. 31 33 The conforma- 
tional similarity of the peptide and the C-D loop in 
NGF is most likely the key factor that contributes to 
the bioactivity of the peptide. Linear peptides derived 

© 2000 American Chemical Society 
Web 08/31/2000 
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Asp93 



Thi91 




Gln96 



Ala98 



NAc-C(92-96) • 
NAc-C(92-97) ■ 
NAc-C(93-97) 
NAc-C(93-96) 
NAc-D(96-92) 



92 96 

NAc-YCTDEKQ-CY 

92 97 

NAc-YC TDEKQACY 

93 97 
NAc- Y C -DEKQACY 

93 96 

NAc- Y C - DEKQ-CY 

96 92 

NAc-YC QKEDT- CY 



Figure 1. Schematic representation of the C-D loop in NGF and 



from the same region are inactive." To further the 
Snal design of small NGF peptidomimet.es we 
sought to determine which of the two types of C-D loop 
JJSLs detected in solution and crystal structures is 
active in binding TrkA. „„ rf „ 
We addressed this problem by designing a new series 
of peptides. The peptides were designed tc , forma jingle 
type of fl-turn around the key residues: Asp Glu, Lys 
and Gin We expected that an 'alanine scan' of residues 
in le turn would result in disruption or shift of the turn 
and eliminate the conformational similarity w.^ he 
C-D loop, most likely causing the loss of activity 
Therefore' we produced peptides that had the primary 
sequence of the C-D loop but contained a different 
number of residues between the two cysteines. In this 
way, the start of the /J-turn is maintained *t the Asp 
residue which has high propensity for turn 
but the type of turn is potentially modified. We also 
Signed ^retro-inverso peptide which is obtained by 
synthesis of a peptide from D-amino acids in reverse 
oSer relative to ?he original peptide. Introduction o 
D-amino acids in peptide sequences greatly reduces their 
susceptibility to proteolytic degradation,^ and in some 
cStro-leL peptides 

and activity of the parental L-peptides. 37 The pep^es 
^varied sizes and the retro-inverso pepUde from the 
C-D loop of NGF were assayed for agonistic mimetic 
activity induced via TrkA receptors, and their solution 
jrctures were determined by NMR. The resulung 
structure-function relationships in these ^C D loop 
mimetics broadens our understanding of NGF IrkA 
Snding and can be used in design of future pept.domi- 
metics with improved therapeutic potential. 

Results 

We studied peptides derived from the C-D loop o 
NGF In NGF. this loop connects two antiparallel 
B strands via a /J-turn formed at the tip of the loop. 
Peptides were constrained by cyclization through two 
cySe side chains and contain an N-terminal acetyl 
group The sequence between the cysteines corresponds 
?o the residues 92-97 of mouse NGF. Peptides con- 
tained the key residues Asp, Glu. Lys, and Gin that 
o m ajturn in the C-D loop but differed in the 
number of residues enclosed 

peptides are referred to as NAc-C(92-97). NAc U 
(92-96), NAc-C(93-97). NAc-C(93-96), and NAc-D- 
(96-92). NAc-D(96-92) is the retro-inverso analogue ot 



C-D loop-derived peptides. 

NAC-C02-96). 30 It contains all D-amino acids linked by 
normal peptide bonds assembled in inverted order 
relative 'tothe L-peptide analogue. The : pepUdes .all 
contained N- and C-terminal tyrosine residues that aid 
during the cyclization reaction and improve b.oactlvity_ 
A schematic representation of the C-D loop and C-D 
loop-derived peptides is given in Figure 1. 

Structural Information Extracted from the NMR 
Data. Resonance assignments were made from analysis 
of 2D >H homonuclear spectra using conventional 
methodology. 1 " 1 We obtained NOE distance restraints 
from 2D-N0ESY spectra with mixing times ot 1M ana 
200 ms. 3JHN-Ha and *J H a-W coupling constants, mea- 
sured from COSY spectra, were used to constrain the 
backbone 0 angles and side-chain X l angles. The tem- 
perature dependence of the amide proton chemical shift 
is the characteristic of its protection from solvent 
exchange. Temperature coefficient values of greater 
than -3 ppb/K indicate the presence of hydrogen bonds 
or protection from solvent because of steric shielding; 
values -3 to -6 ppb/K characterize intermediate pro- 
tection; and more negative values are typical for fully 
solvent-exposed amide protons. The Wg"^ 
ficients were measured from series of TOCSY spectra 
over the range of temperatures from 275 to 3C K In 
all the peptides, Lys95 and Gln96 have small temper- 
ature coefficients indicating solvent protection and a 
similarly placed /J-turn. In the retro-inverso NAc-D- 
(96-92) peptide the smallest temperature coefficients 
are shifted* residues Glu94 and As P 93 because its 
sequence is inverted relative to NAc-C(92-96). A sum 
of the short- and medium-range NOEs. values 
for 3JHN- H a and *Jh«-W coupling constants, and tem- 
perature coefficients for each residue is illustrated in 

Figure 2A. . 

Calculated Structures. From 50 structures calcu- 
lated for each peptide, we chose 20 with the lowest 
energy and acceptable covalent geometry. Ensembles of 
structures for each peptide are represented in Figure 
2B. Statistics for the NMR structure calculations are 
summarized in Table 1. Structures are well-defined 
especially in the loop region between the two cysteine 
residues where the pairwise rmsd for backbone atoms 
is less than 0.74 A and for non-hydrogen atoms is less 
than 1 2 A. The average structure calculated for pep- 
tides adequately represents the ensemble structures. All 
the peptides form 0-turns comprising residues Aspao, 
Glu94, Lys95, and Gln96. 
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residue 
-ppb/K 
3 JHnH<x 
3 JHaH£i 
3 JHaHp 2 
dNN(i,i+1) 
daN(i,i+1) 
dpN(i,i+1) 
daN(i,i+2) 
daN(U+3) 



NAc-C(92-97) 
YCTDEKQACY 

8J0 7.0 45 33 4.6 33 2.0 70 6.1 5.9 



7.4 7.9 83 8.4 7.9 83 85 73 8.6 8.4 
6.9 8.1 7.9 63 5.4 7.1 6.6 



87 83 



75 8.6 



8.7 82 




residue 
-ppb/K 
3 JHnH<x 
3 JHaHfr 
3 JHaHp2 
dNN(U+1 
daN(i,i+1) 
df5N(i,i+1) 
daN(U+2) 



NAc-C(93-97) 
YCDEKQACY 

6.7 4.1 4.6 45 32 1X) 58 62 55 



73 85 8.1 9-4 8.4 82 7.0 83 85 
8:9 8.4 7.1 
10.5 103 8.6 



85 7,4 
92 93 




residue 
-ppb/K 
3 JHnHoi 
3 JHaHPi 
3 JHaHp 2 
dNN(i,i+1) 
daN(i,i+1) 
dpN(i.i+1) 
daN(U+2) 



residue 

-ppb/K 

IIHnHcc 

3 JHaHpi 

3 JHaHp 2 

dNN(i,i+1) 

daN(i,i+1) 

dpN(i,i+1) 



NAc-C(93-96) 
YCD EKQC Y 

4.4 63 4.1 4.4 33 3.0 5.5 65 

72 9.3 143 115 9.6 83 95 10.6 

7.0 7.0 7D 63 53 

.7 93 75 113 10.7 




NAc-D(96-92) 
YCQKEDTCY 

55 5.0 50 6.1 23 05 6.1 55 5X) 
i.4 73 75 7.4 8.0 82 83 85 83 




Glu94 



Lys95 



Gln96 




Glu94 



Asp93 




Glu94 



Asp93: 




Lys95 



Gln96 




%TT«W""l »ns»nt> were u»d <° °>»™» Tt^mvSiSSs Mate NOEsthM «re mfc.ingd.ie tospeanU 

tyrosines are not shown. 
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parameter 

number of residues 
distance restraints 

number of NOEs (total) 

sequential 

/. i+2 

i, i+3 

>U+3 

number of S-S bond restraints 
number of dihedral angle restraints (total) 
tf> angle restraints 
yl angle restraints 
rms deviations (A) for calculated structures 
all residues: 
backbone atoms 
non-hydrogen atoms 
without Tyr termini: 
backbone atoms 

non-hydrogen atoms _ 



NAc-C(92-97)_ 

"To" 

90 
49 
14 

5 

5 

3 

7 

6 

1 



0.84 ± 0.35 
1.76 ±0.38 

0.74 ±0.31 
1.04 ±0.36 



NAc-C(93-97) NAc-C(93-96) NAc-D(96-92) 



61 
34 
8 
1 
4 
3 
5 
5 



68 
33 
6 
1 

13 
3 
6 
6 



62 
35 
11 
1 
4 
3 
4 
4 



0.82 ± 0.27 
1.89 ±0.34 

0.74 ±0.27 
1.15 ±0.37 



0.22 ±0.16 
1.40 ±0.44 

0.22 ±0.16 
0.60 ± 0.30 



0.50 ± 0.27 
1.62 ±0.40 

0.40 ± 0.23 
0.67 ± 0.32 



C-D loop NGF 
Holland etal. 



NAc-Cf92-96) 
family 2 



NAc-C(92-97) 



Asp93, 




In the X-ray structures of NGF, the C-D loop adopts 
two different types of 0-turn: type I and type 7^ 
the nomenclature of Wilmot and Thornton)." 2 As dis- 
^ed by Beglova et al.» the NAc-C(92-96) peptide 
Converts between two conformations each of wh ch 
corresponds closely to the conformations formed in the 
native C-D loopf Examination of the new peptide 
«s reveafs that peptide NAc-C(93-97) forms a 
B turn similar to the first family of NAc-C(92 96) 
ft ucmres (containing type I /J-turns), while peptide 
NAcC(92-97) forms a 0-turn similar to the second 
family of NAc-C(92-96) structures (containing yL-oK 
/J-tums). Both of these closely resemble the known con- 
formations of the C-D loop from X-ray cryst allograph^ 
The NAc-C(93-96) peptide could not be classified into 
either of these two classes. Figure 3 presents a com- 



parison of the /3-turns formed by the C-D loop of NGF 
with the energy-minimized average peptide structures. 

The type of j3-turn formed by four consecutive residues 
is determined by the backbone dihedral f, V> angles at 
he second and third residues in the turn. In the L^mino 
acid peptides NAc-C(92-96). NAc-C(92-97) NAc-C- 
(93-97) and NAc-C(93-96), the /J-turn is placed at 
residues As P 93, Glu94, Lys95, and Gln96. Tc . compare 
the types of /3-turns, we generated Ramachandran plots 
for Glu94 and Lys95 residues (Figure 4). Each Ram- 
achandran plot represents a superpos ition ( >f ; ^ Glu94 
and Lys95 * V angles in the ensemble of 20 structures^ 
The Ramachandran plots readily indicate that a type 
fl-turn is adopted by the NAc-C(93-97) and NAc-C(92- 
96) family 1 peptides. The NAc-C(92-97) and NAc- 
C(92-96) family 2 peptides form a yL-aR p-turn. MAC- 
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typey-a 
p turn ^ 



NAc-C(92-96)family2 



NAc-C(92-97) 



psi 



K 




^^^^^^^^^^ 


i - 




NAc-C(92-96) famiiyl 



NAc-C(93-97) 



NAc-C(92-96) YCTD 

NAc-C(92-97) YCTD 

NAc-C(93-?7) YC-D 

NAc-C(93-96) YC-D 



NAc-C(93-96) 



Q-CY 
QACY 
QACY 
Q-CY 





/}-turn formed. 

I +1 +2 +3 

NAc-C(92-96) YCTDEKQACY 
NAc-D(96-92) YCQKEDTCY 

i +1 +2 +3 



NAc-C(92-96) family! 



NAc-D(96-92) 





/ . 9 \ r p S idues in the all L-amino acid peptide 
Figure 5. Ramachandran plots presenting g ^{^^^ « image ^formation associated 
NAc-C(92-96) and the retro-inverso NAc-D(96 94 pepuae 
with accessible regions for d- versus L-am.no acids. 



C(93-96) could be referred to as a degenerate or 
Srmationally strained type I /km Both type I and 
y L <x R 0-turns are found in X-ray crystal structures of 
the C-D loop of NGF. 31 ~ 33 . 

We calculated the structure of the retro-.nverso NAc- 
D(96-92) peptide. It forms a 0-turn that comprises 
Sues Gln96, Lys95, Glu94. and Asp93 (numbered 
according to" he NGF sequence). The small temperature 

ingfrom solvent and confirms the position of the 0-turn 
at I vs95-Glu94 Figure 5 shows Ramachandran plots 
t £ L-amino acfd NAc-C(92-96) peptide and the 



D-amino acid NAc-D(96-92) peptide. As might be ex- 
ited, the backbone angles for the ^™«2?2d 
are opposite in sign compared to the L-amino acid 
peptide P « This mirror image interconverUon generates 
a tvoe I' 0-turn" (also termed a Vrturn«). The * 
angles of residues (H-l). (i+2) of NAc-D(96-92) are 
focated in an allowed region for D-amino acids corre- 
sponding to a left-handed a-helix. 

Relaxation Properties of the P ptides To corn- 
pare the flexibility of the peptides, we analyzed the 
motion of the Ca-Ha bond vector by measuring NMR 
taxation times and the > 3 C-'H heteronuclear NOEs 
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Table 2. Experimentally Measured R\ t Ri Relaxation Rates, NOE Enhancements, and Calculated NMR Relaxation Parameters for 
Methine Carbons of Bioactive Peptides Derived from NGF a 



residue 


Ri (1/s) 


Ri (1/s) 


NOE 


5* 


t< (ps) 


/?2«cch (1/S) 








NAc-C(92-97): r m opt= 


1.94 ns 






Tyr 




co j.n'? 

D.O ± U.o 






i?n -»- 1 ns 




Cys 


3.9 ± 02 


14.0 ±0.6 




0.88 ± 0.05 




4.4 ±0.8 


Thr92 


3.6 ±0.1 


12.7 ±0.5 




0.78 ±0.03 




4.0 ± 0.6 


Asp93 


4.0 ±0.2 


15.2 ±0.9 




0.90 ± 0.05 




5.3 ± 1.1 


Gtu94 


3.9 ±0.1 


14.6 ±0.5 




0.87 ± 0.04 




5.0 ± 0.7 


Lys95 


3.6 ±0.1 


10.5 ±0.5 




0.80 ± 0.03 




1.7 ±0.6 


Gln96 


3.9 ±0.2 


13.3 ±0.4 




0.87 ± 0.06 




3.7 ±0.7 


AJa97 


3.7 ±0.1 


8.8 ±0.5 




0.80 ± 0.03 






Cys 


3.8 ± 0.2 


9.7 ± 0.5 




0.86 ± 0.03 






Tyr 


3.5 ± 0.2 


8.3 ± 0.3 




0.75 ± 0.02 






Thr93/S 


3.2 ±0.2 


10.1 ±0.4 




0.69 ± 0.06 




2.3 ± 0.8 








NAc-C(93-97): r m opt = 


1.78 ns 






Tvr 
lyr 


4.0 ± 0.2 


7.0 ± 0.2 




0.48 ± 0.06 


285 ± 79 




Cys 


4.1 ± 0.2 


9.1 ± 0.3 




0.88 ± 0.03 






Asp93 


4.1 ± 0.2 


15.2 ± 0.4 




0,89 ± 0.05 




5.9 ± 0.6 


Glu94 


4.1 ± 0.2 


13 0 ± 0 5 




0.88 ± 0.05 




3 a 4- n 67 


Lys95 


3.9 ± 0.2 


25.7 ± ].7 




0.85 ± 0.06 




16.8 ± 1.8 


Gln96 


4.6 ± 0.2 


17 5 ± \ i 




0.98 ± 0.02 




7,1 ± 1.2 




4.0 ± 0.1 


9.1 ± 0.4 




0 86 -4- 0 02 






Cys 


4!l±o!2 


9.1 ±0.3 




0.88 ± 0,03 






Tyr 


3.9 ±0.1 


6.5 ± 0.2 




0.42 ± 0.04 


256 ±39 










NAc-C(93-96): r m opt = 


1.62 ns 






Tyr 


4.1 ±0.1 


11.9 ±0.3 


0.40 ±0.03 


0.78 ±0.02 


98 ±21 


3.9 ±0.4 


Cys 


3.9 ±0.2 


9.3 ± 0.3 


0.28 ± 0.04 


0.82 ± 0.05 




1.2 ±0.5 


Asp93 


4.6 ± 0.2 


20.3 ±0.6 


0.29 ± 0.03 


0.95 ± 0.04 




10.9 ±0.7 


Glu94 


4.1 ±0.1 


19.2 ± 0.8 


0.31 ± 0.04 


0.84 ± 0.03 




10.8 ±0.9 


Lys95 


4.2 ± 0.1 


11.8 ±0.2 


0,45 ± 0.04 


0.77 ± 0.03 


163 ±53 


3.6 ± 0.4 


Gln96 


4.3 ±0.1 


9.3 ±0.2 


0.35 ± 0.02 


0.84 ± 0,02 


103 ± 28 


0.8 ± 0.3 


Cys 


4.1 ±0.1 


11.6 ±0.3 


0.31 ± 0.05 


0.85 ± 0.03 




3.1 ±0.4 


Tyr 


4.0 ±0.1 


8.0 ±0.1 


0.46 ±0.05 


0.76 ± 0.02 


127 ± 35 





3 The overall rotational correlation time was optimized for each peptide during the last round of calculations. 



of backbone a-carbons in the peptides. From the experi- 
mental data, we calculated Lipari and Szabo parameters 
which describe the dynamics of the bond vector on 
different time scales. Table 2 presents experimentally 
measured Ru Rz relaxation rates for the methine 
carbons. Preliminary calculations for model selection 
were carried with the overall isotropic correlation time 
r m fixed at the value obtained for the NAc-C (92-96) 
peptide. 30 In the last round of calculations the overall 
rotational correlation time was optimized simulta- 
neously for all residues. The optimized value of the 
overall rotational correlation time is 1.94 ns for NAc- 
C(92-97), 1.78 ns for NAc-C(93-97), and 1.62 ns for 
NAc-C (93-96). This is in good agreement with the value 
of 1.81 ns previously obtained for the NAc-C (92-96) 
peptide and reflects the dependence of the rotational 
correlation time on molecular size. 
. For the NAc-C(92-97) and NAc-C(93-97) peptides, 
it was possible to describe the experimentally obtained 
R\ and Rz relaxation rates with motion on two time 
scales. The motion of the NAc-C(93~96) peptide is more 
complex and for some residues could not be described 
by only two types of motion. To better describe the 
motional dynamics, we measured the carbon— proton 
heteronuclear NOEs for this peptide (Table 2). 

As expected, the terminal tyrosines of all the peptides 
are very flexible and characterized by picosecond time 
scale motion and low S 2 order parameters. The C- 
terminal tyrosine of NAc-C(92-97) does not show this 
type of motion because it is restricted by the participa- 
tion of its amide proton in a hydrogen bond with the 
backbone oxygen of Ala97. In this peptide, a second 
hydrogen bond is formed between the carbonyl oxygen 
of the N-terminal Cys and the amide proton of Glu94 



with a NH-0 distance of 2.7 ± 0.2 A, a N-0 distance 
of 3.6 ± 0.2 A, and a N-H-0 angle of 159° ± 4°. 

Our data suggests that all the peptides form well- 
defined structures as indicated by the high values of 
the order parameter 5 s but that they also undergo slow 
millisecond time scale motion. This motion is coopera- 
tive and involves several neighboring residues. This 
conformational exchange most likely occurs between 
similar conformations because the measured NMR NOE 
and dihedral angle constraints could be simultaneously 
satisfied in a single structural model. 

Specific Peptides Afford Partial Agonism in 
Trophic Assays. One of the biological functions of NGF 
is to rescue cells from apoptotic death induced by culture 
in serum-free media (SFM). Untreated SFM cultures 
resulted in apoptosis unless cells were supplemented 
with NGF. NGF at 1 nM concentrations affords optimal 
protection and was used as a positive control (100% 
survival). 45-47 

Previously, it was demonstrated that the peptide NAc- 
C(92-96) affords partial survival of cells expressing 
TrkA and p75 receptors in SFM. 47 Partial agonism was 
seen when the peptide was applied in synergy with 
MCI 92, a monoclonal antibody ligand of p75 receptors. 
MC192 alone had no significant activity. We set out to 
compare the activity of the different peptide analogues 
of NAc-C(92-96) using the same paradigm. 

The cell lines 6-24 (Figure 6) and 4-3.6 (data not 
shown) which express high levels of TrkA and p75 
(TrkA 2+ p75 2+ ) were used. The peptides NAc-C(92-97), 
NAc-C(92-96), NAc-C(93-97), and NAc-C(93~96) af- 
forded partial protection from apoptosis in synergy with 
MC192. Protection ranged from 20% to 45% compared 
to 1 nM NGF. In contrast, untreated and linear peptide- 
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Figure 6. (A) Equal amounts of protein from whole ceU 
fjf were resolved by SDS-PAGE and analyzed by Western 
bCng wS. aTti-PY rnAb 4G10. Blot shown is representative 
of sSTpendent experiments. 6-24 cells were untreated (lane 
1 or tteated with indicated ligands (10^M) for 1 « at 37 
•C (B) Densitometry scanning quantification of TrkA FY 
intensities relative to optimal NGF treatment (average ,± SEM, 

<20% of 1 nM NGF. 

treated cells underwent apoptosis, and the retro-inverso 
NAc-D(96-92) peptide afforded very little or ins gnift- 
cant protection (Figure 6C). Data are shown for 10 
peptide which is the concentration that afforded maxi- 

m Tests^ith PC12 cells that express lower TrkA levels 
(TrkA+ d75 2+ ) Rave similar results; overall survival was 
ower but statistically significant (data-no^shown , In 
B104 cells that do not express TrkA (TrkA P 75 \ no 
protection was detected (data not shown) confirming 
that the bioactivity of the peptides requires TrkA 

e To eS confirm that the peptides afford partial cell 
survival by the induction of TrkA phosphorylation, 
receptor tyrosine phosphorylation (PY) was studied in 
6-24 cells in response to a 15-min treatment with the 
test pepSdes. A representative anti-PY Western blot is 
show'n'in Figure6A. A summary of densitometnc 
analysis from several blots is given in Figure 6B. Data 
were compared with tyrosine phosphorylation induced 
bv 1 nM NGF. Treatment with linear peptide controls 
or with the NAc-D(96-92) retro-inverso peptide did not 
result in an increase of TrkA tyrosine phosphorylation 
compared to untreated cells. Treatment with NAc- 
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C(92-97), NAc-C(92-96), and NAc-C(93-97) afforded 
nearly 40% relative tyrosine phosphorylation, and treat- 
ment with NAc-C(93-96) afforded 25% of maximal 
response. These phosphorylation data following short- 
term treatment with ligands are consistent with sur- 
vival data which was obtained after treatment with 
ligands for 3 days. 
Discussion 

NGF has a wide range of potential therapeutic ap- 
plications. To be useful as a pharmacological agent, it 
would be advantageous to reduce NGF to a small 
mimetic that is resistant to proteolysis, is orally bio- 
available, and is absorbed into tissues of interest. Both 
NGF antagonists and agonists could be useful. Thus^ 
we studied peptides derived from the C-D loop of NGF 
which is known to interact with the TrkA receptor J- 48 

In NGF the C-D loop is flexible and adopts different 
types of fl-turn as revealed by X-ray crystal struc- 
tures 31 - 33 To study the structure-function relation- 
ships, we made peptides that formed different types of 
turns and compared their bioactivity. We chose a design 
that maintained the key residues that form the 0-tarn 
but changed the number of residues enclosed between 
the two cyclizing cysteines. The use of a side-chain disul- 
fide bond for cyclizing the peptide constrains the cys- 
teine side chains to be located on the same side of the 
incipient /5-sheet. We reasoned that altering the size of 
the cyclic peptide would alter the position of the cysteine 
side chains and influence the type of 0-turn formed. 

To measure activity, we assayed peptides for their 
ability to activate TrkA and to protect eel s from 
apoptotic death. As shown previously, our results indi- 
cate that peptide and antibody mimics of NGF can 
exhibit partial agonistic activity in the absence , of 
NGF 45-47 Tney act through the activation of the irKA 
receptor and provide trophic support. The active pep- 
tides do not directly dimerize the receptor but most 
likely cause conformational changes on TrkA that 
stabilize receptor dimerization. In a similar fashion a 
small molecule mimic of granulocyte-colony-stimulating 
factor was recently reported to activate the G-Cbf 
receptor both in vitro and in vivo. 51 

Similar TrkA activity was found for all the peptides 
containing at least five amino acids between the cys- 
teines [il NAc-C(92-96). NAc-C(93-97), and NAc- 
C02-97)] The peptides form either type I or yL-oK 
type turns, and both types of /J-turn appear _to be 
sufficient for binding and activatingTrkA. Even though 
<* * angles in these two types of turns are quite different 
(Figure 4), the overall conformation of the turn is 
similar. In both the mimetic peptides and NGF, the 
C-D loop is quite flexible and likely accommodates the 
TrkA binding pocket upon binding. Further adaptation 
to the receptor is accomplished by the long Lys and Gin 
side chains. In the three peptides, the posi toon of the 
fl-turn is maintained at residues Asp93 Glu94 Lys95 
and Gln96. This conserved structure reflects the high 
propensity of Asp and Glu to initiate 0-turns; alterna- 
tively positioned turns have significantly lower turn 
potentials. 34 Comparison of the peptide sequences shows 
that the threonine and alanine residues preceding and 
following the /3-turn are clearly dispensable for IrKA 
binding, while the four turn residues appear to be 
essential. 
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The smallest peptide, NAc-C(93-96), displayed some- 
what less activity than the longer peptides both in the 
TrkA phosphorylation assay and in the MTT anti- 
apoptotic assay (Figure 6). Structural analysis of NAc- 
C(93-96) revealed a strained type I/3-turn conformation 
with 0. rfi angles for residue Glu94 at the edge of typical 
values. This suggests that this peptide cannot adjust 
to the TrkA binding site to the same degree as the longer 
peptides, resulting in weaker binding and/or efficacy. 
Analysis of NMR relaxation in NAc-C(93-96) also 
indicated more complex motion than in the longer 
peptides (Table 2). The limited number of observable 
data relative to model parameters makes further specu- 
lation about the significance of this motion difficult. It 
should be noted that the peptides were all modeled 
assuming isotropic tumbling and the addition of aniso- 
tropic rotation might alter the size of the x € and T^exch 
motional parameters. 

Small peptides are usually susceptible to proteolytic 
degradation. While cyclization and chemical modifica- 
tions, such as N-terminal acetylation, substantially 
increase their resistance to proteolysis, 52 the introduc- 
tion of D-amino acid anomers provides a further increase 
in the peptide half-life. 35 - 36 For this reason, we prepared 
the retro-inverso analogue of NAc-C(92-96). Like the 
L-amino acid peptides, the retro-inverso NAc-D(96-92) 
peptide forms a £-turn comprising residues Gin, Lys, 
Glu, and Asp. However, this peptide is without signifi- 
cant activity in either of the biological assays. 

Comparison of the structures of the retro-inverso NAc- 
D(96-92) peptide and active L-amino acid peptides 
shows that the conformations are very different. The 
NAc-D(96-92) forms a type I' £-turn which is a mirror 
image of the type I family of NAc-C(92-96) and NAc- 
C(93-97) structures (Figure 5). As 0-turn propensities 
are not direction-independent, it is not obvious that the 
turn would form where it does, and in fact, shifting of 
the 0-turn to include threonine markedly increases the 
calculated 0-turn potential. 34 Type I' £-turns are typical 
for D-amino acids, and the upper right quadrant in the 
Ramachandran plot for D-amino acids corresponds to a 
favorable a-helical backbone conformation. A recently 
reported NMR structure of the retro-inverso analogue 
of a right-handed a-helix showed that the retro-inver- 
sion converted it into a left-handed helix. 53 

In the retro-inverso peptide, the £-turn occurs at the 
first residue following the first cysteine. This is not true 
for NAc-C(92-96) but is the case for the NAc-C(93~97) 
peptide. Comparison of the overall shape of NAc-C(93- 
97) and NAc-D(96-92) shows a striking mirror image 
symmetry (Figure 7). Alignment of the structures to 
superimpose the glutamate and lysine reveals a com- 
plete inversion in the orientation of the aspartate and 
glutamine residues. To approach this issue more quan- 
titatively, we calculated the torsion angle defined by the 
four Ca atoms of the £-turn (Ca^-Ca^-Ca^ 5 - 
Ca Gln ). This torsion angle reflects a screw axis for the 
0-turns. Since type I and I' 0-turns correspond to half 
turns of a-helices, these correspond to right- and left- 
handed helices. For NAc-C(93-97), the torsion angle is 
positive (approximately 75°) and corresponds to a right- 
handed helix. All of the L-amino acid peptides, with the 
exception of NAc-C(93-96), showed right-handed turns 
with large torsion angles (51° and 84°). On the other 
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Figure 7. Comparison of orthogonal projections of the energy- 
minimized average structure of the all-L-amino acid peptide 
NAc-C(93-97) (panels A, C) and the retro-inverso NAc-D- 
(96-92) peptide (panels B, D). Side-chain atoms are shown 
only for the £-turn residues. The structures can be seen to have 
opposite handedness so that the backbone fold of the retro- 
inverso peptide is the mirror image of NAc-C(93-97). In 
particular, the spatial orientation of the Glu, Lys, and Gin side 
chains is very different which explains the lack of activity for 
the retro-inverso peptide. 

hand, for the retro-inverso peptide, this angle is negative 
(approximately -60°) and describes a left-handed helix. 
Inversion of the peptide sequence changes the positions 
of the amino acid side chains but does not alter the 
handedness of the 0-turn formed so that the angle is 
the same whether measured from Asp to Gin or from 
residue i to (i+3). The handedness of the turn depends 
primarily on the chirality of the amino acid residues and 
not on the amino acid sequence. 

This important change in backbone geometry is 
accompanied by alterations in the orientation of the 
side-chain atoms. In the peptide structures, the back- 
bone conformation and Cft orientations are well-deter- 
mined and these orientations can be used to quantitate 
the structural differences observed between the active 
and inactive peptides. We measured the relative orien- 
tation of the side chains of residues from the torsion 
angle 6 formed by two Ca-QS bonds projected along the 
line through the Ca atoms. While for many side-chain 
pairs this angle was similar in all the peptide structures, 
a major difference was detected for the glutamate and 
lysine amino acids at the tip of the £-turn (Figure 8)^ 
In the active mimetics, this angle varies between 44° 
and 81°. For the partially active NAc-C(93-96) mimetic, 
the angle is -9°, and for the inactive retro-inverso, the 
angle is -72°. This difference between the L-amino acid 
and D-amino acid peptides reflects the different types 
of 0-turns. In type I £-turns, the Cfi atom of residue (i+1) 
assumes an equatorial position, while the (i+2) Cft is 
in an axial position (up). In type V 0-turns, the (i+1) 
C/3 is again equatorial but the (j+2) is in an axial 
position (down). 44 Thus, the torsion angles formed by 
the Ca-QS vectors are different and result in very 
different relative side-chain orientations. 
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Figure 8. Relative orientation of Glu94 and Lys95 side chains 
was assessed from the torsion angle 0 formed by the C<x-Q? 
bonds of Glu94 and Lys95 (C/F«-Ca^-Ca^-C/^). The 
insert presents the range of 0 values measured for each 
ensemble of 20 peptide structures. Essentially identical results 
were obtained for the Ca-Ca-Ca-Cct torsion angle described 
in the text. On the other hand, the torsion angle between the 
Ca-QS bonds of Lys95 and Gln96 was very similar (14-64°) 
in all the peptide structures (active and inactive). 

These large structural differences between the retro- 
inverso peptide and the most active L-amino acid 
mimetics suggest that it is the relative orientation of 
several residues which are important for binding to and 
activating TrkA. Mutagenesis and analysis of the bio- 
logical properties of an NT-3/NGF chimeric molecule 
have identified NGF residues Lys95 and Gln96 and 
possibly Glu94 as important for receptor binding and 
activation. 5428 - 55 In order for TrkA to discriminate 
between left-handed and right-handed £-turns, at least 
four points must contact TrkA. Given the flexible nature 
of the long side chains, it appears likely that the TrkA 
recognizes at least three residues, most likely Glu94, 
Lys95, and Gln96. Additionally, it is quite possible that 
backbone atoms participate in hydrogen bonds with the 
receptor and that the exchange of position between 
amide and carbonyl atoms in the retro-inverso peptide 
leads to further loss of activity. 

The recent X-ray crystal structure of NGF with a 
fragment (domain 5) of the TrkA receptor gives an idea 
about where the C-D loop binds. 31 In the crystal 
structure, the C-D loop is free and does not make 
contacts with domain 5 of TrkA. Instead, the loop points 
toward the putative membrane face where it could bind 
to the 40-amino acid linker sequence that connects 
domain 5 with the TrkA transmembrane domain. This 
model is supported by genetic evidence that mutations 
in this linker in TrkA decreased NGF binding while 
similar mutations in TrkC had no effect on binding of 
NT-3. 56 In the absence of the transmembrane helix, this 
linker may not be folded as it is proteolytically sensi- 
tive. 31 Using NMR (Beglova et al., unpublished results), 
we have been unable to detect binding of the peptide 
mimetics to the soluble TrkA extracellular domain. 57 - 58 

Conclusions 

Our design has allowed us to prepare peptides that 
form either of two active conformations present in the 
native C-D loop in NGF. Structure-activity correlation 
of the designed peptides revealed that the turn confor- 
mation at the Asp, Glu, Lys, and Gin residues is 
important to ensure an appropriate orientation of the 
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side chains that contact the receptor. The bioactive cyclic 
peptides closely resemble the conformation of the C-D 
loop in NGF. Our results suggest that some flexibility 
in the C-D loop in NGF is allowed and that the loop 
binds to the receptor by an 'induced fit' mechanism. The 
designed peptides could serve as a scaffold for the new 
generation of mimetics with improved properties. A 
similar design approach could be used to produce small 
peptide mimetics of other neurotrophin £-turns. 

Our structural analysis of an inactive retro-inverso 
mimetic of the C-D loop of NGF reveals that the 
absence of activity results from the improper spatial 
orientation of multiple recognition elements. Despite its 
sequence inversion, the all D-amino acid peptide formed 
a structure that was the mirror image of the active 
L-amino acid mimetics. This suggests that even the 
smallest secondary structural elements of proteins (£- 
turns) may not be amenable to retro-inversion. It 
remains a possibility that mimicking type II or /?-turns 
that form more planar structures by retro-inverso 
peptides might be more successful. 

Experimental Procedures 

Peptide Synthesis, Oxidation, and Mass Spectroscopy. 

A^Acetylated peptides were synthesized by the solid-phase 
method on a model 396 Multiple Peptide Synthesizer (Ad- 
vanced ChemTech) using a standard Fmoc procedure. They 
were purified on a preparative Vaydac C18 column using 
Waters high-pressure liquid chromatography. Peptides were 
designed to mimic residues T92, D93, E94, K95, Q96 and A97 
in the primary sequence of the C-D loop of NGF. Synthetic 
peptides were referred to as NAc-C(92-97), NAc-C(93-96) and 
NAc-C(93-97). Purified peptides were oxidized under dilute 
conditions, repurified and lyophilized. Cysteine residues of 
linear control peptides were blocked by incubation with 6-fold 
excess of iodoacetamide at room temperature for 30 min and 
repurified. 

Mass spectrometry was used to assess peptide composition 
after synthesis and possible dimerization upon oxidation as 
described previously. 30 No dimers were detected. The measured 
masses of oxidized and reduced peptides exactly corresponded 
to expected values. 

NMR Spectroscopy and Structure Calculations. For 
homonuclear experiments, the sample contained 5-15 mM 
peptide in 10% or 100% (v/v) D 2 0/H 2 0, pH 5.6, 275 K. Spectra 
were acquired at 500 MHz proton frequency on a three-channel 
Bruker DRX500 spectrometer equipped with pulse field gra- 
dients. Spectra were acquired and processed as discussed. 3 
The NOE cross-peak intensities, 3 -/ H N-Ha and 3 JHa-H/?. cou- 
pling constants were converted into distance and dihedral 
angle restraints. 30 Structures were calculated with the hybrid 
distance geometry-dynamical simulated annealing protocol 59 " 61 
implemented in X-PLOR. 62 

An ensemble of 50 structures was calculated for each 
peptide. Final acceptance of the structures were based on the 
following covalent geometry criteria: no bond length violations 
greater than 0.05 A, a bond length violation rmsd of less than 
0.01 A, no valence angle violations greater than 5°, an angle 
violation rmsd of less than 2°, and no improper violations 
greater than 5°. Criteria for the existence of a hydrogen bond 
were a donor-acceptor distance of less than 3.6 A and a 
donor-proton-acceptor angle of more than 120°. 63 

NMR Relaxation Measurements and Calculation of 
Relaxation Parameters. All heteronuclear NMR experi- 
ments were done at natural 13 C abundance with an 10-18 mM 
sample in D 2 0, pH 5.6, 275 K containing 10 mM EDTA. The 
13 C chemical shifts were determined from a ^C/'H HSQC. 64 
The relaxation measurements were done on backbone methine 
carbons as described by Palmer and colleagues. 65 R\ measure- 
ments were obtained from 10 experiments with relaxation 
delays (7) of 0.006. 0.05, 0.10. 0.15, 0.40, 0.50, 0.70, 0.9, 1.3 
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and 1.8 s. For R z relaxation measurements, the spin-echo 
delay between 180° pulses was 5 ms. Ten experiments were 
performed with relaxation delays (7) of 5, 15, 30, 50, 75, 100, 
126, 176, 226 and 276 ms. To estimate the steady-state ! H- 
l3 C NOE, two spectra were recorded: one with broad-band 'H 
saturation to obtain the NOE enhancement, the other without 
>H saturation. The recovery delay in the heteronuclear NOE 
experiments was 4 s. Errors for calculated heteronuclear NOE 
values were estimated from signal-to-noise ratios obtained 
from saturated and unsaturated spectra. The l H- u C NOE 
enhancements and R u Rz relaxation rates were calculated from 
the experimental data as described previously. 30 

The Ri, Rz dipolar relaxation rates and NOE enhancements 
were used to characterize dynamics of the backbone in solu- 
tion Lipari and Szabo formalism allows the extraction of three 
parameters: S 2 , t«, and i? 2e xch, each representing a particular 
time scale of the methine carbon motion. 66 The value of the 
order parameter S 2 describes the fastest motion on less than 
a picosecond time scale and reflects the amplitude of backbone 
tumbling around its equilibrium position. The value of S 2 
varies from 1 for completely restrained internal motion to 0 
for isotropic unrestrained internal motion. The internal cor- 
relation time r f describes motion on a picosecond-nanosecond 
time scale. Values of r< above 100 ps indicate increased motion 
on a picosecond time scale and usually correlate with large 
heteronuclear NOEs, small values of Ru and decreased order 
parameters, The R^ parameter describes the slow motion 
on a microsecond-millisecond time scale. The conformational 
exchange contributes to that type of motion. 

Dynamic parameters were calculated from the experimen- 
tally measured relaxation data with the Modelfree 3.1 pro- 
gram. 65 The Ru Rz and NOE experimental data for each 
residue were fit using different combinations of relaxation 
parameters: 5 s alone, S 2 and r„ S 2 and /? 2e xch. or all three 
parameters x<, and Rz^h- 61 In the last run of calculations, 
the global rotational correlation time r m was optimized. 

Cell Lines. PC 12 rat pheochromocytomas cells express low 
levels of rat TrkA and 40 000-100 000 p75 receptors/cell 
(TrkA + p75 z+ ). B104 rat neuroblastoma cells express -50 000 
p75 receptors/cell but do not express Trks (TrkA p75 2+ ). The 
4-3.6 cells are B104 cells stably transfected with human trkA 
cDNA and express equal surface levels of p75 and TrkA 
(TrkA 2+ p75 2+ ). 68 The 6-24 cells are PC12 cells stably trans- 
fected with human trkA cDNA and overexpressing TrkA 
(TrkA 2+ p75 z+ ) 69 Cell surface expression of each of NGF 
receptors was routinely controlled in all cells by quantitative 
FACScan assays (Becton Dickinson, CA). 

Antibody Preparation. Anti-rat p75 IgG mAb MC192 was 
purified from ascites. 70 MC192 binds to p75 with nanomolar 
affinity irrespective of expression and binding of TrkA NGF 
receptors. 

Protection from Apoptosis. 5000 cells/well in protein-free 
media (PFHM-II, GIBCO. Toronto) containing 0.2% bovine 
serum albumin (BSA) (crystalline fraction V, Sigma, St. Louis, 
MO) were seeded into 96-well plates (Falcon, Mississauga, 
Ontario). The cultures were untreated or treated with serial 
dilutions of NGF (Prince Labs, Toronto). Test agents included 
IgG MCI 92 and cyclic peptides; negative controls included 
mouse IgG (Sigma) or linear peptides. Peptides were tested 
at 10 fiU, Cell viability was quantitated using the MTT 
colorimetric assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet- 
razolium bromide) after 56-72 h of culture. Percent protection 
from apoptosis was standardized from MTT optical density 
(OD) readings at 595 nm relative to optimal (1 nM) NGF - 
100% The OD values of control untreated samples were 
subtracted and were always <20% of 1 nM NGF. Apoptotic 
death in SFM (as opposed to necrotic death) was confirmed 
by analysis of DNA fragmentation patterns (data not shown). 

Tyrosine Phosphorylation Assays. Prior to activation, 
cells were rested for 30 min in SFM to lower baseline TrkA 
phosphorylation. Cells were then treated with the indicated 
agent(s) for 15 min and lysed. The tyrosine phosphorylation 
state of TrkA was assessed by Western blots of whole cell 
lysates, developed with the enhanced chemoluminescence 



system (Amersham, Oakville, Ontario). Anti-phosphotyrosine 
(a-PY) mAb 4G10 (UBI, New York) was used as a primary 
antibody. Quantitation of protein loading was done with the 
Bio-Rad detergent compatible protein assay (Bio-Rad Labo- 
ratories) and by Coomassie blue staining of gels. Bands in 
photographic films were quantified by densitometry and 
intensities were standardized relative to 1 nM NGF. Statistical 
analysis of densitometry of six blots was done by paired 
Students t-tests. 
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vertebrate nervous systems. ^^^^T ° memb er of the TNF receptor 
the Trk family exceptor tyrosme kinases and P 75^^^^ 

su P erfamil y .Throughthese,neurotroph.nsacn« ^ 

those mediated by ras and members ^^^S^tdasM BmW-g 
MAP kinase, PI-3 kinase, and Junk ™se casc^ Dun g ^ 
amounts of neurotrophms function as ^2^^^** *** 
number of surviving neurons and the re ^ e ™ 6 ^ the patterning 

They also regulate cell fate decisions, ; a x o n gr neuronal function, 
of innervation and the expression of protems ts 

^ptotichy, while continuing to modulate neuronal survival. 

INTRODUCTION 

tion, and plasticity .^^^^^L 1997, McAllister 
survival factors that function to ensure a glance between^ the sue ot 8 ^ 

^^Oove— has *. right ,o « a royalty** h~ i« - » 

any copyright covering this paper. 
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search for such survival Actors ^^Z^l^ 
four neurotrophic ^^f^ZiZZro^ (NT-4) are derived 
factor (BDNF), neurotrophm-3 (NT-3), and neurc p ^ ^ 

from a common ancestral gene, are sum a - m sequence a ^ 
therefore collectively named "J""*^^^^^ neurotrophic 
bers of other families of proteins, most nofcbly Jtagtafl ce u fc ^ 

factor (GDNF) family and the ""J^ 6 ^*^^ system, this review 

^^^^^^^ 

and aging nervous systems 

As the firstneurotrophic factors to be aiscov , ^ 

unusuallyimportant^ 

eryofNGF revealed the essential ^role of ce »" e tos for surviva i (se e Raff 
aLst all cells are believed to de pend on ^ were studied seri - 

etal 199 3). Almost ^ F ^^^ 

ously in nonneural cells, NGF was ; shown to ^ mem . 

danisms and to be transported ^ d r^™ ta n»m wi* eventual 

brane vesicles by an energy andm ^^ known to utilize similar 

degradationofNGFinlyso S omes.Nowalmostal cellsare hins 

mechanisms for trafficking of receptors, and thei ^ Rn y ^ 

have been shown to activate ^ Sde proliferation and 

and neurons, me pathways*^ 

survival, axonal and dendnUc growth and "^J^ J d Recent 
ton, memb^e trafficking and ^^^^^^^f«^ 
studies onmeneurotropmnshaveshownthat^ mecha nisms underlying 

interest to modern biologists. 

Sources of Neurotrophins 

NGFwaspuHnedasafact^^^ 

spinal neurons in culture ( LeV1 "^^ 

in vivo as well as in vitro Development of a 7° S1 madei ossiblet o demonstrate 

r^^^^J^X^ J sensory target organs 
that NGF is synthesized and secretea oy syi p dmnerve terminals 

(reviewed inKorsching 1993). ^^^^^ io ^ron^ 
by receptor-mediatedendocyto^^^ within the 

bodies where it acts to promote ^^LmpMn. is associated with end 

z&ttZE^^ innemted by the axons of these 
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Subsequentworkhasdemons^ 
Pir^pheral nerve 

ion ,o 'rotoiSmaT^*.^ anterwadely and 

Robinson el al 1996), m other instances ill may * 

taneion by NGF-dependen. sympathetie fibets (Davis « al 1998, Walsh et a 
Provide support to more distant neurons via transcellular transport. 
Neurotrophins and Their Receptors 

able to fom heterodimers with other neurotrophin subumts NGF NT 6^ and N 1/ 
r n e b r ^.^,o r ~^ 
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Initial efforts to identify NGF receptors resulted in discovery of a receptor now 
named p75nS For many years this was believed to be a low-affimty receptor 

with a very similar affinity (Rodriguez-Tebar ^^'gf^it^ 
member of the tumor necrosis factor receptor family (Chao 1994, Botnwell 
The CpLmic domain of this receptor contains ^\ d ^^T^ 
similar to "hose in other members of this receptor family (Liepinschetal 1997).For 

Signals or whether it functioned simply as a binding protein. Work dunng the 
nast fewyears has shown, however, that this protein transmits signals .mportant fo 
SetermS^ 

b rr£S2^. th re e members of the Trk (tropomy^e, ^ 
kinase) receptor tyrosine kinase family were shown to be a second class of neu 
(reviewed in Bothwell 1995). The neurotrophic have been 
holt dSbind and dimerize these receptors, which results m ac^Uonof 
tZoLkinasespresentintheircytoplasmicdomains.^ 
BDW and NT-4 are specific for TrkB. NT-3 activates TrkC and is also able to jcti- 
SsrefficientlyeachoftheotherTrkreceptors.^ 

SSSS-ct with neurotrophins has been localized to the most proximal 
dg) domain of each receptor. The three-dimensional structures of 
SrfSSL domains has been solved (Ultsch et al 1999), and the structure of 
NGF bound to^he TrkA membrane proximal Ig domain has also been ^determined 
fWlesmL et al 1999). This exciting structural information has provided detailed 

between neurotrophins and Trk receptors (e.g. Urfer et al 1998 ^ 

The unique actions of the neurotrophins made it seem likely that Uiey woum 

h fS^ 

dermal growth factor, whose receptors were known to be receptor tyrosine kinases. 
S it ™rprismg when Trk receptors were identified as functional, survival- 
neurotrophins. During the past few years, however mem- 
bToXer neurotrophic factor families have also been shown to activate tyro- 
sine These include GDNF and its relatives and ciliary neurotrophic factor 

SSSnolL«i activate many of the same intracellular signaling pathways 
SSbTn^» for mitogen, Appreciation of this shared mechanism 
of action has been a major conceptual advance of the past decade. 

Control of Neurotrophin Responsiveness by Trk Receptors 

Tyrosine kinase-mediated signaling by endogenous Trk receptors appears to pro- 
moTe survival and/or differentiation in all neuronal populations examin d to date 
71 few exceptions, ectopic expression of a Trk receptor is sufficient to confer 



NEUTROPHINS IN NEURONAL DEVELOPMENT 681 



a neurotrophin-dependent survival and differentiation ^^ ^^ 
1994 Barrett & Bartlett 1994). Usually, endogenous expression of a Trk receptor 
onfers responsiveness to the neurotrophic with which it binds, but th, genera- 
lization is oversirnplified for several reasons. First, d.fferential splicing of the TrkA, 

T^and tSTrNAs results in expression of proteins with differences^ the, 
Li ellular domains that affect ligand interactions (Meakm et al 99 C ary & 
Reichardt 1994, Shelton et al 1995, Garner et al 1996, Strohmaier et al 1996). The 
Ssen^ 

ofeach receptor has been shown to affect the ability of some neurotrophic to ac- 

SS^SSLn, Although BDNF, NT-4, and NT-3 are capable of actuating 

TlrkB isoform containing these amino acids, the TrkB isoform 

can only be activated by BDNF (Strohmaier et al 1996). These isoforms of TrkB 

Save £ en shown to be expressed in nonoverlapping populations of avian sensory 

™nssoVingofthiLeceptor 

LTeSBoeshol et al 1999). Similarly, an isoform of TrkA contaimng a short 
— bUesequenceisa^^ 

lacking these amino acids is much more specifically activated by NGF (Clary & 
Rethardt 1994). Although this short polypeptide sequence was not localized in 
Z Lee-dimensional structure of the NGF-TrkA ligand binding doman, complex 
the organization of the interface between the two proteins is compauble with die 
possTbfiHty that these residues may directly participate in binding (Wiesmann l et al 
K abilities of NT-3 to activate TrkA and of NT-3 and NT-4 to activate 
TrkB are also negatively regulated by high levels of the ^"^^ 
P 75NTR (Bennedetti et al 1993, Lee et al 1994b, Clary & Reichardt 1994, Bibe 
et al 1999). Thus, factors that regulate differential splicing of extracellular exons 
in Trk receptor genes and signaling pathways that control expression of P 75NTR 
affect the specificity of neuronal responsiveness to neurotrophins 

portions of the Trk receptor cytoplasmic domains. Not a^ota» 
TrkC contain tyrosine kinase domains (reviewed in Reichardt & Farinas 1997). 
Differential spring generates 

domains. The functions of nonkinase-containing isoforms of TrkB and TrkC n 
nonneuronal cells may include presentation of neurotrophins to neurons Within 
Neurons these same receptors are likely to inhibit productive dimenzation and 
SSn of full-length receptors, thereby attenuating responses to neu^ophins 
(e e Hide et al 1996). There is also evidence suggesting that ligand binding to 
Seated isoforms of TrkB and TrkC can modulate intracellular signaling path- 
wTys more directly (Baxter et al 1997, Hapner et al 1998). Differential splicing 
Iso b en showVto result in expression of an isoformof TrkC which contains 
an amino acid insert within the tyrosine kinase domain. This insert does not ehrm- 
nat^he kinase activity of TrkC but does appear to modify its substrate specificity 
(e.g. Guiton et al 1995, Tsoulfas et al 1996, Meakin et al 1997). 

Finally, in some central nervous system (CNS) projection ~ s ' Tr ^P. 
tons appear to be largely sequestered in intracellular vesicles (Meyer-Franke et al 
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19981 Only in the presence of a second signal, such as cAMP or Ca 2+ , are the 
ecep^stserted efficiently into the plasmalemma. In these neurons expression 
ofaLase-containingiso^^ 

sponsiveness to a neurotrophin if the neurons are not ^^^^^ 
network that results in production of these second ^^^^tZ 
responsiveness is controlled by many factors m addition to regulators of Trk 
ceptor gene expression. 

Control of Neurotrophin Responsiveness by the 

Pan-Neurotrophin Receptor p75NTR 

Each neurotrophin also binds to the low-affinity neurotrophin l recepto, : P 75OTR, 
wlkh is a member of the tumor necrosis factor receptor superfamily (see Frade & 
99™)Tn vitro studies on P 75NTR have documented that it car, > potentiate 
activation of TrkA by subsaturating concentrations of NGF (e.g. Mahadeo t al 
S Verdi et al 1994). What is surprising is that it does not appear to potentate 
latZ ofthe other Trk receptors by their Hgands in vitro, even though these 
SbM to pTSOTR. A role for p75NTR in potentiating actions of neurotrophms 
t vivo however provides one possible explanation of the deflate in multiple 
lairofsToSnLonsobservedinthep^ 

mTbcZ 7m ct al 1997, Kinkelin et al 1999). As discussed above, studies in 
ce^U cukurfabTindicate that p75NTR reduces responsiveness of Trk receptors to 

non^ 

Recentlv NT-3 has also been shown to maintain survival of TrkA-expressing 
JZ^ne™ in vivo more effectively in the absence than in the presence 
0 fSTR(Brennanetall999).Thepresenceof 
ImoLettogmdet^^ 

TaU 99?Eon et al 2000). Most intriguing, both in vitro and in vivo evidence 
now indcates that ligand engagement of P 75NTR can directly induce , leuronal 
death via apoptosis (reviewed in Frade & Barde 1998; see also Friedman . 200(0- 
o? the p75NTR mutant phenotype has demonstrated that regulation of 

system as well as CNS development in vivo (e.g. Bamji et al 1998, Casaaemunt 
Si™99).F^ 

both axon growth and target innervation m vivo (e.g^Lee et al 1994a, Yamashita 
et al 1999b, Bentley & Lee 2000, Walsh et al 1999a,b). 



REGULATION OF SIGNALING BY NEUROTROPHIC 

Trk Receptor-Mediated Signaling Mechanisms 

T iaand eneaeement of Trk receptors has been shown to result in phosphorylation 

fflSSJi- - the c ^ lasmic domains of these receptors 
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(Figure 1) Trk receptors contain 10 evolutionarily conserved tyrosines in their cy- 
toplasmic domains, of which three-Y670, Y674, and Y675 (human TrkA sequence 
nomenclature)-are present in the autoregulatory loop of the kinase domain that 
controls tyrosine kinase activity (e.g. Stephens et al 1994, Inagaki et al 1995). Phos- 
phorylation of these residues further activates the receptor. Phosphorylation of the 
other tyrosine residues promotes signaling by creating docking sites for adapter 
proteins containing phosphotyrosine-binding (PTB) or src-homology-2 (SH-2) 
motifs (reviewed in Pawson & Nash 2000). These adapter proteins couple Trk 
receptors to intracellular signaling cascades, which include the Ras/ERK (extra- 
cellular signal-regulated kinase) protein kinase pathway, the phosphatidylmositol- 
3-kinase (PI-3 kinase)/Akt kinase pathway, and phospholipase C (PLC)-yl (see 
Reichardt & Farinas 1997, Kaplan & Miller 2000). Two tyrosines not in the kinase 
activation domain (Y490 and Y785) are major sites of endogenous phosphoryla- 
tion and most research has focused on interactions mediated by these sites with 
Shc'and PLC-/1, respectively (Stephens et al 1994). Five of the remaining seven 
conserved tyrosines also contribute to NGF-induced neurite outgrowth, however, 
so interactions mediated by Y490 and Y785 can mediate only a subset of Trk 
receptor interactions important in neurotrophin-activated signaling (Inagaki et al 
1995) Recent work has resulted in identification of additional adapter proteins 
that interact with Trk receptors at different sites and has demonstrated that transfer 
of Trk receptors to various membrane compartments controls the efficiency with 
which these receptors can associate with and activate adapter proteins and intra- 
cellular signaling pathways (e.g. Qian et al 1998; Saragovi et al 1998; York et al 
2000; C Wu, C-F Lai, WC Mobley, unpublished observations). 

PLC-yl Signaling 

Phosphorylation of Y785 on TrkA has been shown to recruit PLC-yl directly 
which is activated by phosphorylation and then acts to hydrolyse phosphatidyl 
inositides to generate inositol tris-phosphate and diacylglycerol (DAG) (Vetter 
et al 1991) Inositol tris-phosphate induces release of Ca 2+ stores, increasing lev- 
els of cytoplasmic Ca 2+ . This results in activation of various enzymes regulated 
by cytoplasmic Ca 2+ , including Ca 2+ -calmodulin-regulated protein kinases and 
phosphatases and Ca 2+ -regulated isoforms of protein kinase C. Formation of DAG 
stimulates the activity of DAG-regulated protein kinase C isoforms. In PCI 2 cells, 
protein kinase C (PKC^, a DAG-regulated PKC, is activated by NGF and is re- 
quired for neurite outgrowth and for activation of the ERK cascade (Corbit et al 
1999) Inhibition of PKGS has been shown to inhibit activation of MEK [mitogen- 
activated protein kinase kinase (MAPKK)/ERK kinase)] but not of c-raf, so PKCS 
appears to act between Raf and MEK in the ERK kinase cascade. 

RAS-ERK Signaling 

Activation of Ras is essential fornormal differentiation of PC12 cells and neurons. 
In many cells, Ras activation also promotes survival of neurons, either by activation 
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of PH kinase or through activation of the ERK family of MAP kinases. Iran lent 
vs prolonged activation of the MAP kinase pathway has been closely assorted 
respe^ 

to neurotrophin application (e.g. Grewal et al 1999). 

Th patLys leading to activation of Ras are surprisingly complex. In he 
Jp Xay" be characterized, phosphorylation on Y490 was shown to «jftm 
fllentUhosphory.^ 

by the She PTB domain (Stephens et al 1994; reviewed in Kaplan & Mil er 2000)- 
She is then phosphorylated by Trk, resulting in recruitment of a complex of the 
X^r protein Grb-2 and the Ras exchange factor SOS. Activation o Ras by 
fothafmany downstream consequence, ^fif^™** 
activation of the c-raf/ERK pathway, and stimulation of the P 38 MAP k-na^MAF 
kinase-activated protein kinase 2 pathway (e.g. Xing et al 1996). 1 

of the ERK kinases include the RSK kinases ^(ribosoma S6 km- ^ 
RSK and MAP kinase-activated protein kinase 2 phosphorylate ^ (cAMP 
regulated enhancer binding protein) and other ""-^J^ <*J^ 
998). These transcription factors in turn control ^^f^^Z 
tn he reeulated by NGF and other neurotrophins. Among these, CREB regulates 

gen^X^^ 

nf neurons (Bonni et al 1999, Riccio et al 1999). 

longed, activation of ERK signaling pathways (e.g Grewal et al 999). Prolonged 
ERK activation has been shown to depend on a distinct scaling padiway in- 
volving the adapter protein Crk, the exchange factor C3G the small G protein 
^r,Id the seL-threonine kinase B-xaf (York et al 1998). Neurotrophins acti- 
ve this signaling pathway by utilization of a distinct adapter named FRS-2 (fi- 
71 la I ZL Ictor receptor substrate-2) or SNT(suc-associated neurotrophic 
tonLedty^^ 

nhorvlated Y490 on TrkA (Meakin et al 1999). FRS-2 is phosphorylated by Trk 

inSng the adapter proteins Grb-2 and Crk, the cytoplasmic tyrosine kma e 
Src the cyclin-dependent kinase substrate P 13«', and the protein phosphatase 
SH:pTP-2 (e.g. Meakin et al 1999). Crk associates wrth phosphoryla ed FRS-2 
Z then bmds and activates the exchange factor C3G (e.g. Nosaka et al 1999). 
Activation by C3G of the small G protein Rapl results m stimulation of B-raf, 
wh " LaL the ERK kinase cascade. As predicted by this model overexpre - 
InofFRS-2orCrkresults in differentiation ofpheochromcKytoma(PC)-12cens 
Siletal 1993,Matsudaetal 1994, Hempstead etal 1994, Meakmetal 1999) 
nTddition to prodding a crucial link to a pathway that appears to be essential fo 
prolonged MAP kinase activation, FRS-2 provides a mechanism not dependent 
on She for activation of the Grb-2/SOS/Ras pathway. This adapter protein al o 
prides a link to the Src family tyrosine kinases, which have beer, imp heated m 
Leptor endocytosis and other cellular responses ^ ^ 1 W tottj 
et al 2000). Finally, binding to FRS-2 of the protein phosphatase SH-PTP-2 also 
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facilitates activation of the ERK pathway, probably by inaction of an inhibitor, 
such as Ras-GAP or MAPK phosphatase (Wnght et al 1997). 



-3 Kinase Signaling 

whi ' Is 22, s^stered by b B in to ^s^X^n 
hv nuclear NF/cB has been shown to promote neuronal survival (e.g. . ™~ , 
f ZtZ A third Akt substrate of potential relevance for neuronal survival is the 
et al 2000). A third Alct expreS sion of apoptosis- 

forkhead transcription ^ J^/^™^ 1999) Another Akt substrate 
promoting gene products, such » *£(Bn£ «^™> hase kinase 

elevated GSK3^ promotes ^ptosj (Hetmn et *™9).™y ^ 

^at^ 

ta Yuan * Yank™, 2000). ""^^^rh^creas. in ne„- 
neuronal apoptosrs, whereas a mutant lacking mix 

P TXse is activated by Ras. In many but not all neurons, Ras-dependent 

. \ n Z P 3 kinase is die major pathway by which neurotrophic convey 
activation of PI-3 kinase is die maj P , k ^ ^ ^ 

survival-promoting signals (e.g. Vaillant et ai ivyy) 
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pathways dependent on PI-3 kinase function can also be actuated through She and 
S« by a Ras-independent mechanism. Recruitment by P^ 0 ^^ 
S me adaptor protein Gab- 1 results in subsequent binding to this complex of P -3 
lase which is then activated (Holgado-Madruga et al 1997 . reviewed by Kaplan 
& SeT'oOO) In some cells, but not in PC-12 cells, insuhn receptor substrate 
tl^^ll shown to be phosphorylated in response to neurotrophic and m 
turn to recruit and activate PI-3 kinase (Yamada et al 1997). 

In addition to providing an adapter that facilitates activation of PI-3 kinase 
Ga^t al^been show^ to function as an 

a complex that includes the protein tyrosine fff^^^rj^. 
Shp-2 hasbeen shown to enhance activatitm of AeRAS-W^K-^^^y 
by a mechanism that is not clear, but that appears to involve dephosphorylation of 
a 90-kDa protein that is also associated with the Gab-1 complex. 

Control of the Actin Cytoskeleton 

The neurotrophic inducerapid^^ 

those induced by other growth factors (e.g. Connolly et al 1979). JJ^J^ 
shown by many laboratories to involve small G proteins of the Cdc-42/Rac/Kho 
Sy which Lgulate the polymerization and turnover 
Kioller & Hall 1999, Bishop & Hall 2000). Several exchange factors for this 
Sy oto Proteins are known to be expressed in neurons and to be rented by 
toL phosphorylation and/or phosphatidyl inosiUdes *»^£V££ 
activity (e.g. Liu & Burridge 2000). Many of these are undoubtedly regulated by 
Trk receptor signaling. SOS also has a latent activity as an exchange factor for 
™in Jdln to its activity as an exchange factor for ras 
Activated ras has been shown to activate the exchange factor activity of SOS for me 
fhrouS 7* mechanism dependent on PI-3 kinase. Thus SOS provides a mechamsm 
for the coordination of ras and rac activities. 

Control of Trk Signaling by Membrane Trafficking 

Recent work has added complexity to the scheme presente d above b; , priding 
evidence that the ability of Trk receptors to activate specific signaling pathway s s 
efu ^d by endocytoTis and membrane sorting. It has long been appreciated ha 
™unication of survival signals from nerve terminals to neuronal cell bodies 

transported together in endocytotic vesicles <™^£*™'$££££ 
1997 Tsui-Pierchala & Ginty 1999; CL Howe, E Beattie, JS Valletta WC Mobley 
unpublished observations). More recently, evidence has 
tZ membrane sorting determines which pathways are activated by TO : i«p 
tors In one set of experiments, cells were exposed to a complex of NGF_ and a 
^clonal antibody'mAb) that does 

duces unusually rapid internalization of the mAb-NGF-TrkA complex (Saragovi 
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et al 1998) This NGF-raAb complex was shown to promote transient MAP kinase 
activation, She phosphorylation, and PC 1 2 cell survival. In contrast, FRS-2 was not 
phosphorylated and the cells did not differentiate normally. The results suggest that 
recruitment of FRS-2 by ligand receptor complexes occurs on the cell surface with 
comparatively slow kinetics. Perhaps FRS-2, which is myristoylated, is segregated 
into a compartment that is not immediately accessible to the TrkA receptor. 

In another set of experiments, a thermosensitive dynamin that functions as 
a dominant negative protein at high temperature was used to reversibly inhibit 
ligand-receptor internalization (Zhang et al 2000). Inhibition of internalization did 
not inhibit survival of PC12 cells but did strongly inhibit their differentiation. This 
observation suggests that ligand-receptor complexes must be internalized to acti- 
vate efficiently pathways essential for differentiation. As previous work described 
above has strongly suggested that FRS-2 signaling through Crk is essential for 
prolonged MAP kinase activation and normal differentiation, the data suggest 
that activation of this pathway requires internalization of the NGF-TrkA signaling 

C ° Consent with the involvement of PI-3 kinase products in endocytosis 
(Wendland et al 1998), inhibitors of PI-3 kinase have been shown to reduce retro- 
grade transport and to affect the activation of NGF-dependent intracellular signal- 
ing pathways (Kuruvilla et al 2000, York et al 2000). Activation of Ras has been 
shown to occur in the absence of TrkA internalization and absence of PI-3 kinase 
activity (York et al 2000). In contrast, activation of Rap- 1 and B-raf and sustained 
ERK activation require internalization and PI-3 kinase activity (York et al 2000). 
To activate B-raf, TrkA must be transported to a brefeldin- A-sensitive population 
of endosomes (C Wu, C-F Lai, WC Mobley, unpublished observations). Examina- 
tion of the distributions of Ras and Rap-1 provide a possible explanation. Although 
there is prominent expression of Ras on the cell surface, expression of Rap-1 ap- 
pears to be restricted to small intracellular vesicles. Thus, the data suggest that for 
TrkA to activate Rap-1, which in turn activates B-raf and the ERK kinase cascade, 
it must be internalized into membrane vesicles that fuse with vesicles containing 
Rap-1 (York et al 2000, C Wu, C-F Lai, WC Mobley, unpublished observations). 
Thus sustained activation of the ERKpathway, which is essential for normal differ- 
entiation, is regulated by both the kinetics and specificity of membrane transport 
and sorting. Because there are so many mechanisms for regulating membrane 
transport and sorting, these recent papers suggest many interesting directions for 
future research. 



Control of Trk Signaling by Other Adapters 

Results described above predict that both survival and differentiation paAways 
will depend on interactions of She or Frs-2 with the phosphorylated Y490 site. 
Despite this, mice homozygous for a targeted Y to F mutation of this site in 
TrkB are viable and have a much milder phenotype than is observed in mice 
lacking the TrkB kinase domain (Minichiello et al 1998). Clearly, other sites in 
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TrkB must be capable of activating intracellular signaling pathways important for 
IZll survival and differentiation. Recent results of pabular m en* have 
suggested that the phosphorylated tyrosines in the actrvat.on loop of the Trk ty- 
ofne kinase domain have dual functions. In addition to controlling activity of 
T toase they appear to function as docking sites for adapter proteins^Grb- 
fh^ been sholito interact directly with a phosphorylated 
2-hvbrid assays and by coimmunoprecipitation (MacDonald et al 2000). Grb-2 
is^tt'swith oJr sites, including the PLC-y 1 site Y785 but ,t is not cer 
tain these interactions are direct. Two additional adapters rAPS and SH2-B are 
Lilar proteins that contain a PH domain, an SH2 domain and tyrosines pho - 
phoryTaL in response to Trk activation. Both have been shown to mterac ^th 
phSorylated tyrosines in the activation loops of all three Trk receptors (Q an 
et al S. Both of these adapter proteins may also interact with other sites in he 
Trk receptor cytoplasmic domains. These two proteins form "-f™^ 
associate with each other. Both also bind to Grb-2, providing a potential link to ithe 
S 3 kule and Ras signaling cascades. Antibody perturbation and transfections 
u ing Z nant negative: constructs implicate rAPS in NGF-dependent survival, 
MAP tee activln, and neurite outgrowth in neonatal sympathetic neurons 
(Oian et al 1998). Taken together, these results indicate that initial models of Trk 
rector signaling pathways were far simpler than Trk receptor signaling is in 

^currentunderstandingofTrkreceptorsignalingisincompl^ 
functionally important interactions with Trk receptors may depend on phosphoty- 

tots with the juxtamembrane domain of TrkA, whether or not the tyrosines in 
Sbloc^ 

or phosphorylation of SHC or FRS-2 (Meakin & V^^^Si*^ 
involved in many aspects of neuronal differentiation (e.g. » £ * ^Jj* 
1999) it will be interesting to determine whether ,t has a role in Trk-medmted 
sienaling that is perturbed by this juxtamembrane deletion 

g To provide a few more examples of proteins whose roles in signahng pathways 
are 1^ understood, in cultured cortical neurons, the insulin receptor substrates 

association with and activation of PI-3 kinase (Yamada et al 1997 1999). Inis is 
no seen aL ligand engagement of Trk receptors in PC12 cells the mos 
cellular model for neurotropic signaling studies which sugg este that a ^cnt ca 
adapter protein is missing from these cells. As another example, CHK a cytoplas 
mic protein kinase that is a homologue of CSK (control of src kinase) has been 
Thown^ 

esTon es including neurite outgrowth (Yamashita et al 1999a). The pathway by 
wS CHK affects ERK activation is not understood. Finally, a transmembrane 
ptl S three extracellular immunoglobulin and four cytoplasmic tyrosine 
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motifs has been shown to provide a docking site for n«nritment of fte protein 
phosphatase Shp-2 and to enhance BDNF-dependent activation of the PI-3 kinase 
JaZafby ichanisrns not prevented by mutation of the four tyrosine rescues 
f Araki et al 2000a,b). Again, mechanisms are not understood. 
( t s— y, although there has been rapid progress in understand,^ ; many 
pathways controlled by Trk receptor signaling, there are still many loos end. 
This discussion has proceeded as if all signaling molecules were pre* nt m * 
cells but this is certainly not so. Differences in their concentrations within dif- 
S nt Ironal populations undoubtedly contribute to the divere.ty of responses 
^^LJLuri populations. From the discussion above it would be 
oblus to assume that TrkA, TrkB, and TrkC each activate very similar signaling 
pathways because of the very high similarities between them in ^ytop^- 
mic domains. Although probably true, examples are described 
where it is clear that signaling through different Trk receptors has quite different 
Tct ons on me same cell, as assessed by nonredundant effects on = al differ- 
entiation oTaxon guidance (e.g. Carroll et al 1998, Ming et al 1999). In some 
cells neuroSphin-activated Trk receptor signaling has even been shown 
induce ! apoptosis (e.g. Kim et al 1999). Clearly, many of the most interesting 
details of signaling by these receptors remain to be discovered. 

p75NTR Receptor-Mediated Signaling Mechanisms: 

NFkB Activation 

As mentioned previously, P 75NTR binds with approximately equal affinity to 
£ch Sthe neutrophils. Ligand engagement of p75NTR ^has ^ 
promote survival of some cells and apoptosis of others (e.g. Barrett & Bartlett 
KTp/sNTR-mediated signaling also affects axonal outgrowth both in vrvo and 
n vl (e.g. Bentley & Lee 2000, Yamashita et al 1999b; Walsh et al 1999a b)_ 

Seve al signaling pathways are activated by P 75NTR and in some cases the 
paS: : ar/knowi in detail (see Figure 2). *<^&£™£g 
cell survival of many cell populations involves activation of NFkB. For example, 

Sdleton et al 2000). In both embryonic sensory and sympathetic neurons neu_ 
^opht have been shown to promote P 75NTR-de P endent activation of NFjrB 
IdC.B-dependent neuronal survival (Maggirwar et al 1998, 
1999) All neurotrophic have been shown to promote association of P 75NTR with 
me adapter protein TRAF-6 (Khursigara et al 1999). In other systems, TRAF-6 
has Z shown to activate the protein kinase NIK (NF.B-interacting kinase), 
^Uory^s IKK (inhibitor of I.B kinase) . which fa 
lates IkB, resulting in release and nuclear translocation of NFkB N™^ 
Arch et a 1 998). It is interesting that although all neurotrophins bind to P 75NTR, 
fntt ScCn cells, only NGF is able to induce NF*B nuclear translocation 
(Carter et al 1996). 
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p75NTR Receptor-Mediated Signaling Mechanisms: 
Jun Kinase Activation 



The Jun kinase signaling cascade is activated ^ 
binding of neurotrophic to P 75NTR (Xia et al 1995, E. era et al _ 1998 Aloyz 
e al 1998) Apoptosis mediated by P 75NTR requires activation of P 53 through 
signaling pathway (Aloyz et al 1998, P5 3 — ce 
survival in many cells besides neurons (e.g. Agarwal et al 1998). Among its tor 
ge'the activation of the Jun kinase cascade has been shown to induce : expres- 
fion of Fas ligand in neuronal cells, which promotes apoptosis by b nding to the 
Fas receptor (Le-Niculescu et al 1999). P 53 has many gene targets, including 
th p oapoptic gene Bax. In both PC12 cells and ^M."* 
LnofTL kinase cascade and apoptosis following trophic wtoalmvolv 
Cdc-42 because apoptosis is strongly inhibited by a dominant negatwe Cdc-42 
(Basnet et al 1998) The MAP kinase kinase kinase named apoptosis signal- 

Session of a kinase-inactive mutant of ASK-1 strongly inhibi s cell deatii pro- 
moted by either NGF withdrawal or expression of a constitutively acUve Cdc-42 
T^amoto et al 2000). The kinase providing a hnk between ASK-1 and lur£- 
na^e has not been identified but may be the Jun kinase kinase named MKK7 
in sympathetic neurons (Kanamoto et al 2000). Embryos lacking both JNK1 
andSh show aberrant, region-specific perturbations of neuronal eel apoptos 
in early brain development (Kuan et al 1999), whereas the neurons of ammals 
lacking JNK3 are resistant to excitoxicity-induced apoptosis (Yang et al 1997) 
£u the Jun kinase cascade is important in regulating apoptosis of neurons 



in vivo. 



p75NTR Receptor-Mediated Stimulation 
of Sphingolipid Turnover 



Ligand engagement of P 75NTR has also been shown to phin- 
gomyelinafe which results in generation ofceram.de (Dobrowsky et al W95 , 
Ceramide ha^ been shown to promote apoptosis and mitogem c responses in differ- 
23 types through control of many signaling pathways, including the ERK and 
Snkfnal^^^ 

formation of inactive Ras-Raf complexes, effectively inhibiting the ERK signaling 
caS duller et al 1998). Many groups have shown that ceramide also inhibits 
S alingmediatedt^ 

suggest mat ceramide inhibits the activity of PI-3 kinase in cells by modifying the 
alciation of receptor tyrosine kinases and PI-3 kmase ^^J^J 
rafts (Zundel et al 2000). In fibroblasts, the sensitivity of growth factor-stimulated 
PI 3 Sase ality to ceramide inhibition was increased and decreased by o.er- 
LressTnan^ 

nE directly PI-3 kinase activity (Zhou et al 1998). Thus, ceramide inhibits at 
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least two of the survival and differentiation-promoting pathways activated by Trie 
receptor signaling. 

Adapter Proteins That Bind to P 75NTR 

t Virion to TRAF-6 several additional proteins that interact with P 75NTR 

p75NTR. At this time, u mn w linc i ea r which downstream sig- 

p75NTR is regulated by "^T^^ ^ Lother protein named 
naling pathways are activated by tins ,n ™"| P ro elanoma . associa ted anti- 
NRAGE [neurotrophin receptor-interacting MAGE (melanoma assoc la 

recruited to the plasma membrane when NOT is bound to pw* J 

2000). NRAGE prevents ^^^^/^j^^ cycle Lst 

c.;™ nf NRAGE oromotes NGF-stimulated, p75NlK-aepenaem ecu j 

S10 n of NRAGb promo adiena i. de rived, HNK-1 -positive) cells SC-1 

Nuclear expression of SC-1 conelateS 3 " ved causa ll v in growth arrest. Thus, 
^^^^ 

events promoted by P 75NTR. Finally, when ^ Se 

(TNF receptor-associated factor ) ^"J^J?,^^ 

wi* .either monomer ,c - « 7 ^ ^ of th ese adapter proteins 

expression patterns and signaling mechanisms m neurons. 
Control of the Cytoskeleton by P 75NTR 

ture (e.g. Yamasmta et ai iv ) ^ mQtm neurons ex . 

tions of target innervation pattemsa* M seen person et'al 1999, 

all, targets lacking normal innervation (e.g. Lee et ai i wm, 
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Kohn et al 1999). Recent work has demonstrated an interaction betweer i p75NTR 

rotrophin binding to P 75NTR eliminated act.vat.on of ^ 
macological inactivation of RhoA and ligand engagement of P 75N ^ h ^ ~ 
stimulatory effects on neurite outgrowth by cihary ganglion neurons, a neuronal 
nZlation that does not express Trk receptors. Results from this interesting paper 

deduce growth cone motility. This observation does not prov.de an .mmed, 
ate v obvious explanation for the reduced axon outgrowth by sensory and motor 
neurons bserveS in embryonic P 75NTR-/- animals. Perhaps thepr^of 
Lnd-engagedp75 effectively sequesters RhoAin.tsmact.ve :form. Atenabvely, 
the presence of p75NTR has been shown to promote retrograde transport of NGF 
BDNF and >rr-4 (Curtis et al 1 995, Harrison et al 2000). Reductions* retrograde 

sibilny, Schwann cell migration has been shown to depend on 
signaling and is clearly deficient in this mutant (Anton et al 1994 Ben ley & 1 Lee 
So) Perhaps deficits in Schwann cell migration indirectly reduce the rate of 
axonal outgrowth. 

Reciprocal Regulation of Signaling 
by Trk Receptors and p75NTR 

ActivauonofTrkreceptorshasp^^ 

Neurotrophic are much more effective at inducing apoptosis *^ 7 j^£ 
the absence than in the presence of Trk receptor act .vat.on (e.g 
1998 Yoon et al 1998). In the initial experiments demonstrating that NGF induced 
Smjelin hy dJysis and ceramide *^^«\^g£ 
was shown to completely suppress this response (Dobrowsky et al 1995). Trk re 
TeptSvation L suppresses activation <*toto^^V*£* 
1998). Activation of Ras in sympathetic neurons has been shown to suppres^ the 
Jun kinase cascade (Mazzoni et al 1999). In these neurons 
PI-3 kinase is essential for efficient suppression of this cascade. In l recent ^stud 
fes utilizing nonneural cells, c-raf has been shown to bind, phosphorylate, and 
nac"^ ASK-1 (Chen & Fu 2000). If this pathway functions efficiently .n neu- 
Ts lt provides a mechanism by which activation of Trk receptors rr^y supp e. 
n75NTR-mediated signaling through the Jun kinase cascade. It .s notable that Or 
Su^rLcepto^^^ 

mediated by P 75NTR, Trk signaling does not inhibit induction by p75NTR of the 
ofthe NF.B cascade makes a synergistic contribution to survival (Maggirwar et al 

19 X7k^ 

ated by P75NTR, Trk signaling is not invariably completely efficient at suppress^ 
Tg P 75NTR-mediated apoptosis. NGF is able to increase apoptosis of cultured 
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motoneurons from wild-type but not from p75NTR-/- embryos (Wiese et al 
SSTSrc 2Tells, BdSf binding to p75NTR has been reported to reduce 
NGF-d enSnt auto hosphorylation of TrkA, possibly by p^motrng Jospho- 
rylation of a serine residue in the TrkA cytoplasnnc domain (MacPhee & Barker 

19 The overall picture that emerges from these studies 
signals of P 75NTR are largely suppressed by act.vat.on of Ras and PI-3 kinase 
by neurotrophins- Thus, P 75NTR appears to refine the ^^^^ 
receptors and may promote elimination of neurons not exposed to an appropn 
Sophie Ltor environment. Consistent with this P^£*££ 

in retrograde transport of many neurotroph.ns observed ,n the P 75NTR mutant 
mav toe apoptosis. In addition, the reduced rate of sensory axon outgrowth 
X'e'eTrthTse'animals may create situations where axons are no < sqpo" 1 to 
ad qle levels of neurotrophins. As neurotrophin express.on is regula ted .*mag 
devlpmentbylocaltissueto^^ 

et al 1999), delays in innervation could have catastrophic consequences. 

REGULATION OF NEURONAL SURVIVAL 
BY NEUROTROPHINS 

The important experiments described above of Hamburger, Levi-MonmlcinUnd 
^orkersdem^ 

nf nocicentive sensory and sympathetic neurons m vivo (see Levi-Montalcim iya , 
port 1^ 

Cal o In the adult nervous system. The observations also raised the possib lity 
St neural precursors and developing neurons whose axons have not contacted 
their ultimate targets may also require trophic support. 

Z or extensions of this work have been made possible by development of 
e enTi^™ology. With this technology, mice with deletions ,n genes en- 
o 'the neurotrophins and their receptors have been generated. Mice 

Tna the r receptors are also available and the few exceptions will almost certainly 
E^STS* shortly. A summary of neuronal 

of the neurotrophic factors and their receptors is presented in Table 1 and l aoie z 
Jnadd^ 

ne^s In many instances, a particular ganglion 
in an individual mutant, frequently because the known expression of the receptor 
or Tc^cL of the neurons in cell culture made a phenotype appear verj ,un- 
Skely in other instances, the initial report focused on the most obvious phenotype, 
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Mooceptors: 

TrkA pTStm 6PRt& 




Skin 

O-hatr effercnts - NT-4 NTS 
Slowedapung -Hr-SBDNF 
Merfcet cells - «T*$ 

Hair Foliide 
Ungate a 

reticular endings - GOWf 



Proprioceptor: 

- limbs ~TrkCp75HT* 

- TMN - Tffca/C 



Muscle «pmdkis 
limb - NT-3 
tend - NT~3 BONF 



Figure 3 Summary of survival functions of neurotrophins in the peripheral nervous system^ 
This diagram illustrates various components in the peripheral nervous system, 
ganglia^pathetic ganglia, and enteric neurons. Only hgands or receptors with defimtive ^o 
of Liionphenotype are indicated in this figure. Ligands are ind.cated in italics and receptors 
are indicated in bold italics. (See text for abbreviations.) 



and examination of other possible phenotypes was deferred, often indefinitely. To 
summarize briefly, cranial ganglia neurons that transmit different modalities of 
sensory information tend to be segregated into different ganglia, so neurons in 
specific ganglia are often dramatically affected by loss of an individual signaling 
pathway Within DRG sensory ganglia, modalities are mixed and mutants typically 
have severe effects only on functionally distinct subpopulations of cells. 

Sensory Ganglia Survival 

Trigeminal and Dorsal Root Ganglia In DRG and trigeminal ganglia neurons 
conveying different modalities of sensory information are present in the same 
ganglion, and substantial progress has been made in demonstrating differential 
neurotrophic factor dependencies of neurons with different sensory modalities. 
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Thus, almost all nociceptive neurons express TrkA at some time during then- 
development, and essentially all of these neurons are lost in the TrkA and NGF 
mutants (Crowley et al 1994, Smeyne et al 1994). A second major population of 
DRG neurons expresses TrkC from the time of initial neurogenesis. Most of these 
neurons differentiate into proprioceptive neurons conveying information from end 
organs, such as muscle spindles and tendon organs. At spinal cord levels, these 
neurons are completely lost in NT-3 and TrkC mutants together with end organs, 
such as muscle spindles, whose morphogenesis requires the presence of sensory 
axons NT-3 expression is observed in both muscle spindles and the ventral spinal 
cord, both targets of proprioceptive la afferents, consistent with NT-3 functioning 
as a target-derived trophic factor. These neurons are lost almost immediately after 
neurogenesis, however, which suggests that they depend on NT-3 provided initially 
by intermediate targets (e.g. Farinas et al 1996). 

The expression patterns of Trk receptors in sensory neurons of mouse DRG 
and trigeminal ganglia have been characterized and correlate with the neuronal 
deficits in these ganglia. It has become clear that most neurons in both ganglia in 
mice with few exceptions, express one Trk receptor during neurogenesis (Fannas 
et al 1998 Huang et al 1999a). Although expression of Trk receptors remains 
unchanged in most sensory neurons, a small fraction of neurons show dynamic 
changes in switching of neurotrophin receptors and neurotrophin dependence (see, 

e.g. Enokidoetal 1999). 

Several transcription factors have been shown to regulate expression of Trk 
receptors in sensory ganglia. For instance, targeted deletion of the POU domain 
transcription factor Pou4fl (Brn-3a/Brn-3.0) prevents initiation of TrkC expres- 
sion in the trigeminal ganglion and results in downregulation of TrkA and TrkB m 
this ganglion at later times, resulting in apoptosis of neurotrophin-dependent neu- 
rons (McEvilly et al 1996, Huang et al 1999b). Absence of Pou4fl also prevents 
normal expression of TrkC in the spiral ganglion (W Liu, EJ Huang, B Fntzsch, 
LF Reichardt, M Xiang, unpublished observations). The basic helix-loop-helix 
(bHLH) factor NeuroD also controls regulation of Trk receptor expression Its ab- 
sence results in severely reduced expression of TrkB and of TrkC in the embryonic 
vestibulocochlear ganglion (Kim etal 2001). Expression ofTrkB and TrkC appears 
to be relatively normal in the trigeminal ganglion in this mutant, so the effects of 
this mutation on Trk receptor expression are surprisingly specific. Consistent with 
this a recent analysis of m-elements in the TrkA enhancer has identified sites 
required for global expression and sites that are specifically re f'^ f or expres- 
sion within sympathetic, DRG, or trigeminal neurons (Ma et al 2000). Thus, the 
transcriptional machinery that specifies TrkA expression is not the same in each 
of these neuronal populations. The specificity in the phenotypes of the mutants 
described above implies that transcriptional, control of TrkB and MC must be 
equally complex. In summary, these results show that accurate control of the tran- 
scription of neurotrophin receptor genes is essential for ensuring normal neuronal 
survival and differentiation. In order to extend this work, it will be necessary to 
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characterize the transcriptional machinery in each population of neurotrophic 

responsive neurons. 

Cutaneous Sensory Receptors and Innervation Within both DRG and trige- 
minal ganglia, a well-defined subpopulation of the nociceptive neurons initiates 

suLits, eventually losing expression of TrkA (Molliver et al 1997, Huang et a 
1999b) These neurons appear to be affected in mutants lacking constituents of 
these signaling pathways. In some instances, mutations have been shown to result 
in almosTcomplete deficits in innervation of peripheral targets. For example, there 
are specific deficits in transverse lanceolate endings and reticular endings within 
the hair follicle in GDNF mutant heterozygotes, whereas other endings are not 
detectably affected (Fundinetal 1999). . r ■ a 

Analyses of neurotrophin mutants also provided important information regard- 
ing the roles of neurotrophins in the development of cutaneous receptors. For 
example, in addition to the deficit in proprioceptors, NT-3 deficiency has been 
shown to result in deficits in specific cutaneous [D-hair (Down hair receptor) and 
SA (slow-adapting)] innervation and the development of Merkel cells (Atraksinen 
et al 1996), which are manifested only postnatally. The time course of develop- 
ment of these deficits indicates that NT-3 functions as a target-derived trophic 
factor for these neurons. NT-4 also functions as an essential survival factor for 
D-hair afferents (Stucky et al 1998). The dependence of these neurons on NT-4 
appear, to follow their dependence on NT-3. Unlike NT-4, BDNF is required for 
thTsurvival of mechanical functions of SA fibers but plays no role in the survival 
of D-hair receptors (Carroll et al 1998). Together, these data indicate that BDNF 
and NT-4 have distinct, nonoverlapping roles in cutaneous innervation and that 
the expression of these neurotrophins may show spatial or temporal differences 
during the development of cutaneous receptors. 

The presence of NT-4 has also been shown recently to be required for normal 
survival of TrkB-expressing DRG sensory neurons at the time of DRG formation 
(Liebl et al 2000). Since D-hair afferents are present during the first few postnatal 
weeks in the NT-4 mutant (Stucky et al 1998), they cannot be derived from this 
embryonic population of TrkB-expressing neurons. 

TrigeminalMesencephalicNucleus The trigeminal mesencephalic neurons are 
a group of neural crest-derived sensory neurons that reside in the bramstem at 
mfpontomedullary junction. These neurons morphologically resemble sensory 
neurons in the peripheral ganglia and convey proprioceptive mformation from he 
head region. However, unlike proprioceptive neurons at the trunk level, which 
are completely dependent on NT-3, trigeminal mesencephalic neurons are on y 
partially lost in the absence of NT-3 or TrkC, and partial neuronal deficits are also 
generated by the loss of BDNF or TrkB (Fan et al 2000, Matsuo et al 2000). It is 
fnteresting that the majority of these neurons are lost in double mutants lacking 
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NT-3 and BDNF, and all these neurons are lost in triple mutants lacking NT-3, 
BDNF and NT-4 (Fan et al 2000). Expression of a BDNF™ reporter has been 
detected in a subset of muscle spindles in one target of these neurons the masseter 
muscle. It seems likely that each of the neurotrophins will prove to be expressed 
in subsets of these spindles, and that this explains why each neurotrophin supports 
the survival of a subset of these neurons. 

Vestibular and Cochlear (Spiral) Ganglia During development, these two gan- 
glia first emerge as one single ganglion, which subsequently separates into two 
distinct ganglia that innervate the semicircular canals and cochlea. Because of their 

well-documented axon projection patterns, the vestibular and cochlear gangha are 
an ideal system in which to investigate the effect of neurotrophins The initial 
analyses of neurotrophin mutants showed that almost all neurons in the vestibular 
ganglion depend on BDNF for survival, whereas the vast majority of neurons m 
L cochlear (spiral) ganglion require NT-3 (Ernfors et al 1994 ab; Jones et al 
1994; Farinas et al 1994). In a double NT-3/BDNF mutant, essentially all neurons 
in both ganglia are lost (Ernfors et al 1995). 

The apparent dependence of separate populations of cochlear neurons on these 
two neurotrophins has stimulated investigations to understand the d^erences in 
theneuronsorcochleathatexplainthephenotypes. The first publications suggested 
that cell type-specificexpressionofNT-3ininnerhaircellsandBDNF in outer hair 

cells controls the survival of the type I and type II neurons, which are responsible 
respectively, for innervating each of these two hair cell populations (Ernfors et al 
1995) Absence of TrkC was reported to result in preferential loss of innervation of 
inner hair cells, whereas deficiency in TrkB appeared to cause loss of innervation 
to outer hair cells (Schimmang et al 1995). Later investigations challenged these 
data however, because neuronal losses and innervation deficits in these two sets 
of mutants were shown not to be distributed uniformly throughout the cochlea 1 but 
to be distributed in gradients along the cochlear turns (Fritzsch et al 1997, 1998). 
Neurons in the basal turn of the cochlea were completely missing whereas hose 
in the apical turn were much more mildly affected in the NT-3 and I TrkC mutants. 
In the BDNF and TrkB mutants, the only obvious deficits were observed among 
neurons in the apical turn (Bianchi et al 1996, Fritzsch et al 1997, 1998). 

Recent observations demonstrate that all neurons in the cochlear (spiral) gan- 
glion express both TrkB and TrkC, indicating that they can be supported by either 
neurotrophin (I Farinas, KR Jones, L Tessarollo, AJ Vigers, E Huang, M Kirstein 
DC De Caprona, V Coppola, C Backus, LF Reichardt, B Fritzsch unpublished 
observations). The phenotype of the NT-3 mutant can be explained by a spatial 
apical-to-basal gradient of BDNF expression, which in the absence of NT-3 causes 
a complete absence of trophic support for these neurons in the basa turn during a 
brief, but crucial, period of development. Using a 0-galactosidase (LacZ) reporter 
integrated into either the NT-3 {NT-3™) or BDNF {BDNF 1 ™ 2 ) locus to monitor 
gene expression, rapid changes in the expression patterns of both neurotrophins 
were seen as development proceeded. Approximately one day before the loss of 
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neurons in the NT-3 mutant, however, expression of BDNF was barely datable 

in the cochlea, with only weak expression in the apical turn 

nression in the developing middle and basal turns. This suggested that in the NT-3 

muSn« 
Tm^n^ 

because of the presence of low levels of BDNF. Tins model predicts *at expre - 
sion of BDNF under control of the NT-3 gene promoter and regulatory elements 
wHl rescue neuronal losses in the NT-3 mutant. This mouse has been generated 
Tnd homozygotes are completely deficient in NT-3 (V Coppola, J Kucera ME 
PaL, J M^inez-De Velasco, WE Lyons, B Fritzsch L 
observations). As predicted, neurons innervate normally all regions of Ae cochlea 
including the basal turn, at E13.5 and P0, and there is almost complete rescue of 
basal turn spiral neurons (I Farinas, KB. Jones, L Tessarollo, AJ Vigers E Huang, 
MKirstdn,DC De Caprona, V Coppola, C Backus, LF Reichardt, B Fritzsch, un- 
published observations; V Coppola, J Kucera, ME Palko, J Martinez-De Velasco 
WE Lyons, B Fritzsch, L Tessarollo, unpublished observations). Thus, there is 
convincing evidence that a spatial-temporal gradient of neurotropic expression 
controls survival of these cells. 

Nodose-Petrosal Ganglion The nodose-petrosal ganglion contains neurons that 
are responsible for visceral sensory innervation. In this ganglion a 1 neurons ex 
PresTXnuangetal^^ 

SwBmLt (Conover et al 1995). Approximately half of the nodose-petrosal 
rlon!a* lost In the absence of either BDNF or NT-4 alone^ The dopammergic 
neurons responsible for innervation of the carotid body and other sensor of blood 
and pressure are completely dependent on BDNF, which is synmesiz d by 
mese target organs during the initial period of innervation (Enckson et al 1996, 
Brady et al 1999). Thus, mice lacking BDNF show lack of innervation to chemo- 
!nd baroreceptors, resulting in deficits in control of breathing, m this ganghon 
a neuron appears to depend on either BDNF or NT-4 alone, depending on which 
neurotrophin is expressed in the target that it innervates. 

Sympathetic Ganglia Survival 

Other populations of peripheral neurons also show strong dependencies on parti- 
cdar signaling pathways As expected from the work of I^-Mn^syny* 
h ^ 

(Crowley et al 1994, Smeyne et al 1994). Consistent with the expression patterns 
if Trkl in the sympathetic neurons, extensive cell death occurs pennatally in 
pathetic ganglion of TrkA mutants. 

present at E17.5 and develops progressively after birth (Fagan et al 1996). Unlike 
theprominenteffectsofNGFnrrkAonsympatheticneurons,theviewonhowNT-3 

affects the development of sympathetic neurons has undergone a ma^r revision in 
recent years. A number of experiments demonstrate that NT-3 ,s able to support 
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the survival of early sympathetic neuroblasts in vitro (Birren et al 1993 Vercl & 
Anderson 1994, Verdi et al 1996). Consistent with these results, TrkC mRNA has 
been detected in early sympathetic ganglia. It is interesting that the level of TrkC 
mRNA decreases in sympathetic ganglion during late embryogenesis as the ex- 
pression of TrkA increases. These studies suggested that NT-3 signaling through 
TrkC followed by NGF signaling through TrkA provides sequential support for 
cells in sympathetic ganglia during early and late stages of development respec- 
tively Therefore, it was not surprising when an initial analysis of the NT-3 mutant 
reported an increase of cell death among proliferating sympathetic precursor cells 
during initial formation of this ganglion (ElShamy et al 1996). However, no deficit 
was detected in a TrkC mutant (Fagan et al 1996), and later workers examining the 
NT-3 mutant have not detected an early phenotype in either precursors or neurons 
(Wyatt et al 1997, Francis et al 1999). Instead, the deficits in the NT-3 and NGF 
mutants appeared after E15.5 and developed during very similar stages of devel- 
opment (Wyatt et al 1997, Francis et al 1999). In agreement with these findings 
^lacz is ex p res sed in the target tissues of sympathetic innervation but is not 
present in or around the ganglion before E15.5 (Francis et al 1999) Thus these 
data indicate that NT-3 and NGF are both required for the survival of sympathetic 
neurons, not neuroblasts. Because no deficits are seen in the : TrkC mutont the 
survival-promoting effects of NT-3 must be transmitted through TrkA. The ability 
of TrkA to mediate NT-3 signaling during development is promoted by the absence 
of P 75NTR(Brennanetall999). 

Although recent results do not support the concept that NT-3 and NGF act 
sequentially during development of sympathetic ganglia, members of the GDNF 
family of ligands do play essential early roles in development of one sympa- 
thetic ganglion, the superior cervical ganglion (SCG^The requirement^ GDNT 
family members clearly precedes the dependence of SCG neurons on NT-3, NGF, 
and TrkA Initially, mice lacking c-ret, the tyrosine kinase activated by GDNF, 
were shown to lack all neurons in the SCG without any obvious phenotype in 
the sympathetic chain at the trunk level (Durbec et al 1996). The absence of c-ret 
was shown to result in loss of a common set of neural crest-derived precursors 
for both the SCG and the enteric nervous system. In the absence of c-ret, these 
cells failed to survive and migrate to the future site of the SCG -from the v,c,nity 
of the postotic hindbrain. More recently, mice lacking the GFRa3 binding sub- 
unit have been shown to have a somewhat similar, but significantly less severe 
deficit attributable in part to an effect on early precursors of the SCG (Nishino et al 
1999) GFRa3 mediates activation of c-ret by Artemin, a protein closely related to 
GDNF. In mice lacking GFRa3, the initial ventral migration to the aorta of SCu 
precursors is not obviously perturbed, but a later rostral migration to the future 
site of the SCG does not occur. Although a majority of the precursors exit the cell 
cycle and differentiate into immature neurons, these neurons do not mature, are 
not successful in contacting their normal targets, and undergo progressive, largely 
postnatal apoptosis. Artemin is expressed in the vicinity of the SCG precursors at 
E12 5 so a deficit in Artemin-mediated signaling is very likely to account for the 
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early deficit in migration and may explain the later phenotype also. Because the 
deficit in the GFR<x3 mutant is clearly less severe than that in the c-ret mutant 
signaling through other adapter subunits must contribute to early development of 
SCG precursors. No deficit within the SCG has been reported in mice lacking the 
GFRal or GFRa2 subunits (Cacalano et al 1998, Rossi etal 1999). The phenotype 
of mice lacking the GFRa4 subunit has not been reported. It will be interesting to 
see whether double or triple mutants in GFRa subunit genes develop a phenotype 
in the SCG that is as severe as that observed in the c-ret mutant. Mice lacking 
GDNF have approximately 35% fewer SCG neurons at birth than do control ani- 
mals (Moore et al 1996). Although the embryonic development of this phenotype 
has not been studied, it seems likely that a deficit in GDNF-mediated signaling 
contributes to the very early phenotype seen in the c-ret mutant. 

Parasympathetic Ganglia and Enteric Neuron Survival 

Enteric neurons in the intestine are almost completely lost in the absence of GDNF 
GFRal or c-ret, and mice lacking neurturin or GFRa2 have neurons of reduced 
size with less fiber density (Table 2) (Sanchez et al 1996, Pichel et al 1 996 Moore 
et al 1996 Durbec et al 1996, Cacalano et al 1998, Enomoto et al 1998). Absence 
of c-ret appears to affect not only early survival and migration of precursors, 
but also later differentiation of the precursors and the neurons arising from them 
(Pachnis et al 1998, Taraviras et al 1999, Natarajan et al 1999). C-ret is also 
required for normal development of the human enteric nervous system. Patients 
with Hirschsprung's disease (or congenital megacolon) have been shown to have 
mutations in c-ret, which results in impaired migration of enteric neurons into the 
colon (Romeo et al 1994, Edery et al 1994). 

The trophic factor dependencies of parasympathetic neurons are less completely 
defined The GFRa2 subunit and c-ret are expressed in parasympathetic neurons 
(e e Nishinoetal 1999), and major deficits in several parasympathetic ganglia have 
been detected in mice lacking Neurturin or GFRa2 (Rossi et al 1999, Heuctooth 
et al 1999) No deficits have been reported in mice lacking GFRal, GFRa3, or 
GDNF However, parasympathetic ganglia may have been examined closely only 
in the GFRct3 mutants (Nishino et al 1999). These neurons are not affected by 
mutations in any of the neurotrophin or Trk receptor genes. 

Motor Neuron Survival 

With the exception of NGF, each of the neurotrophins is able to promote survival 
of purified motor neurons in vitro (reviewed in Reichardt & Farinas 1997) GDNJ% 
CNTF and other CNTF-related cytokines are also potent survival factors for these 
neurons in vitro. Despite this, the vast majority of motor neurons are spared in mice 
lacking any single one of these factors in vivo. For example, no single neurotrophin 
or Trk mutant has a significant reduction in total number of motor neurons. Even a 
triple mutant lacking BDNF, NT-3, and NT-4 has only a 20% deficit in facial and 
spinal motor neurons (Liu & Jaenisch 2000). Deficits in the GDNF and GFRal 
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mutants are small, approximately 20% in the spinal motor neuron population. The 
most severe deficits were seen in mice lacking either the CNTF receptor-a or 
the leukemia inhibitory factor receptor-^ subunit, where deficits of approximately 
40% were reported in the facial motor nucleus (see Reichardt & Farinas 1997). 
Until recently, these results were believed to reflect functional redundancy, i.e. the 
concept that any motor neuron has access to multiple trophic factors m vivo. 
However, more recent data suggest strongly that different motor neuron pools are 
dependent on different trophic factors and that the deficits observed in mutants 
are small because there is so much diversity in the trophic factor dependence of 
the different pools. Analysis of the NT-3 mutant argued several years ago that 
continued survival of /-motor neurons requires the presence of this neurotrophin 
(Kucera et al 1995). These efferents innervate muscle spindles, which express 
NT-3 These spindles are also innervated by NT-3-dependent sensory neurons, 
so motor neurons and sensory neurons that innervate the same end organ appear 
to require the same neurotrophin. In contrast, survival of a-motor neurons that 
innervate skeletal myotubes is not detectably reduced in the NT-3 mutant (Kucera 
et al 1995) During the past several years, different pools of motor neurons have 
been shown to express different combinations of transcription factors (e .g. Tanabe 
& Jessell 1996) and receptors for neurotrophic substances (e.g. Oppenheim et al 
2000 Garces et al 2000). Recently, analyses of the GDNF and GFRocl mutants 
have shown that specific pools and subpopulations of motor neurons are severe y 
affected in each mutant, whereas other pools and subpopulations are not detectably 
affected (e.g. Oppenheim et al 2000, Garces et al 2000). When these stupes are 
extended to other mutants, it now seems likely that mice lacking individual trophic 
factors or their receptors will prove to have severe deficits in individual populations 
of motor neurons. 



CNS Neuron Survival 

Perhaps most striking of all is the paucity of survival deficits observed in popu- 
lations of CNS neurons, many of which are responsive to these same factors in 
cell culture. For example, CNS neurons responsive to NGF in vitro include basal 
forebrain and striatal cholinergic neurons. Although differentiation of these neu- 
rons is affected (Smeyne et al 1994), survival of these populations is not detectably 
affected perinatally in the NGF or TrkA knockout animals. Postnatal atrophy of 
NGF-dependent populations of cholinergic forebrain neurons has been observed 
in adult NGF mutant heterozygotes, however; thus, these neurons appear to retain 
some dependence on this neurotrophin (Chen et al 1 997). 

BDNF and NT-4-responsive neurons include cerebellar granule cells, mesen- 
cephalic dopaminergic neurons, and retinal ganglion cells. Although a modest 
increase in postnatal apoptosis of hippocampal and cerebellar granule cells is ob- 
served in TrkB and TrkB/TrkC mutants (Minichiello & Klein 1996, Alcantara et al 
1997) it is not comparable to the dramatic losses observed in these same mutant 
animals in sensory neurons. To examine the roles of TrkB in the maintenance and 
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function of adult nervous system, mice with cell type-specific de etions of TrkB 
have been generated using the Cre/loxP recombination system . (Mimchiello e t al 
1999 Xu et al 2000b). Selective deletion of TrkB in the pyramidal neurons ot the 
neocortex leads to altered dendritic arborization and compression in cortical layers 
II/II1 and V (Xu et al 2000b). At later times, loss of TrkB also results in progres- 
sive elimination of SCIP (suppressed, cAMP-inducible POU)-expressing neurons 
in the somatosensory and visual cortices, whereas the 0R - 1 ^ essin J~ S t 
are not lost (Xu et al 2000b). Taken together, the data described above indicate that 
neurotrophin-mediated signaling through TrkB is important for maintaining sur- 
vival of neuronal populations in the CNS. Because weeks, not hours, are required 
to observe significant losses of neurons, it is uncertain whether interruption of tiie 
same signaling pathways important for survival of peripheral neurons accounts for 
these phenotypes. 

Multiple Neurotrophic Factor Dependence 

In summarizing dependencies of sensory neurons on neurotrophics, it is worth 
noting that, in general, the neurotrophin and Trk receptor mutant phenotypes are 
consistent with in vitro observations of Hgand and receptor specificities. Analyses 
of the mutant phenotypes have provided valuable information for reconstructing 
at least four models that demonstrate unique receptor-ligand interactions in indi- 
vidual sensory ganglia. In the first model, a single neurotrophin appears to interact 
withasolerece^.Asaresult^^ 
similarphenoty^Asoneexample^^ 

the same sensory neuron populations in the DRG and cranial ganglia (Table 1 _ In 
the second model, deficits in neuron numbers are larger in receptor-deficient than 
inneurotrophin-deficientmice. In the nodose-petrosal ganglion, the greatmajorrty 
ofneurons express TrkB,and targeted deletion of pleads to an almostcomple e 
absence of these neurons. However, BDNF and NT-4 appear to be expressed in 
different target fields, so each neurotrophin supports a separate subpopulation of 
neurons within this ganglion.In the third model, a single ligand interacts with ^mul- 
tiple receptors. Several reports have documented the promiscuous ro e ,n v.tto of 
NT-3 in activating TrkA and TrkB, in addition to activating TrkC (e.g. Ip et al 1993, 
Clary & Reichardt 1994, Davies et al 1995). In the DRG and trigeminal gang ha 
in ai I NT-3 mutant, many TrkA- and TrkB-expressing neurons undergo apoptotic 
celldeathshortlyafterthey are born (Farinas etal 1998, Huang etal 1999a -Th s 
neurons are not killed in the TrkC mutant, so NT-3 must be directly activating the 
other Trk receptors. Thus, there must be high enough local concentrations of NT-3 
in vivo to support neurons expressing TrkA or TrkB. Indeed expression of NT-3 
has been detected in the immediate vicinity of these ganglia during the period of 
neurogenesis (Farinas etal 1998, Huang etal 1999a). By examining the expression 
of both NT-3' acZ and BDNF* 002 , we have identified distinct regions in the embry- 
onic branchial arches where only the NT-3 gene is expressed between El 1 .5 and 
E12 5 (EJ Huang, unpublished data). Presumably, TrkB-expressing neurons that 
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project to these regions will require NT-3 for their survival because BDNF is not 
available. This model predicts that replacement of NT-3 by BDNF should rescue 
some TrkB-expressing neurons. Consistent with this prediction, the phenotype in 
the DRG of mice in which BDNF is inserted into the NT-3 gene has recently been 
reported (V Coppola, J Kucera, ME Palko, J Martinez-De Velasco, WE Lyons 
B Fritzsch, L Tessarollo, unpublished observations). In the complete absence of 
NT-3 the expression of BDNF in the same pattern as NT-3 can indeed delay and 
partially rescue neuronal deficits in the DRG. Finally, in the fourth model, survival 
of neurons that express more than one Trk receptor will be controlled by the pat- 
terns of neurotrophin expression. As described above, in the cochlear ganglion, 
neuronal survival in the NT-3 mutant is determined by an apical-to-basal gradient 
of BDNF. In the trigeminal mesencephalic ganglion, survival depends on whether 
NT-3 or BDNF is present in a particular muscle spindle (Fan et al 2000). 

The data in Table 1 and Table 2, although incomplete, indicate that there is 
excellent correspondence between the specificities of ligand interactions with re- 
ceptors as defined in vitro and the phenotypes of mutants lacking these proteins 
in vivo This is evident from the analyses of mice lacking neurotrophins or Trk 
receptors. There are also striking similarities in the phenotypes of the GDNF and 
GFR-al and Neurturin and GFR-a2 mutants, which also agrees with the majority 
of biochemical studies characterizing interactions of these ligands with these two 
receptor subunits. 



Switching of Neurotrophic Factor Dependence 

The data in Table 1 also make it clear that many neurons require more than one 
neurotrophic factor-receptor signaling pathway to survive. In the vast majority of 
instances, this appears to reflect requirements at different developmental stages, 
made necessary by changes in ligand accessibility or in receptor expression. Exam- 
ination in more detail of the development of the phenotypes of these mutants has 
suggested that ligand activation of tyrosine kinases is important for survival of neu- 
ral precursors and immature neurons, as well as of mature neurons in contact with 
their final targets. In some instances, the same factor is essential at many stages 
of development. In others, different factors become important as development 
proceeds. For example, the SCG shows sequential dependency on c-ret-mediated 
followed by TrkA-mediated signaling during embryogenesis. Thus, the SCG is 
completely absent in the c-ret, NGF, and TrkA mutants, and less-severe deficien- 
cies are seen in mice lacking GDNF, GFRa3, or NT-3. As discussed above, the 
requirement for c-ret clearly precedes that for the neurotrophins. A similar tran- 
sient dependence on NT-3 of TrkA- and TrkB-expressing trigeminal neurons also 
appears to reflect the presence of NT-3, but not other neurotrophins, in the mes- 
enchyme invaded by the axons of these neurons immediately after neurogenesis 
(Huang et al 1999a). Expression of NT-3 in the mesenchyme has been shown to be 
induced by epithelial-mesenchymal interactions, which are likely to be mediated 
by Wnt proteins secreted by the epithelium (Patapoutian et al 1999, O'Connor & 
Tessier-Lavigne 1999). 
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Although much attention has been focused on switches in neurotrophin respon- 
siveness during early development of the trigeminal ganglion, more recent work 
suggests that there is comparatively little switching in expression of Trk receptors 
(Huang et al 1999a; but see also Enokido et al 1999). Instead, similar to the DRG 
(Ma et al 1999), neurons expressing different Trk receptors are born in waves 
that peak at different times. Much later in development, however, defined subsets 
of TrkA-expressing DRG and trigeminal ganglion neurons become responsive to 
GDNF family members, acquire expression of c-ret and one or more GFR adapter 
subunits, and lose responsiveness to NGF (e.g. Molliver et al 1997, Huang et al 
1999b Fundin et al 1999). Specific expression patterns of GDNF family hgands 
in targets and GFR-a adapter subunits in both targets and neurons indicate that 
these changes reflect the sorting out of subsets of sensory neurons specialized 
for innervation of specific targets and transmission of specific modalities ot sen- 
sory information (Snider & McMahon 1998, Fundin et al 1999). There are many 
other examples, too numerous to review here, in which changes in ligand or re- 
ceptor expression have been shown to explain the requirement for more than one 
neurotrophic factor by a single population of neurons. 

Precursor Cell Survival and Proliferation 

A large number of studies characterizing effects of neurotrophins on CNS neuro- 
epithelial precursors, neural crest cells, orprecursors of the enteric nervous system 
have demonstrated effects on both proliferation and differentiation of these cells 
in vitro and, in some instances, in vivo. Some of these have been described above, 
most notably the effect of c-ret-mediated signaling on SCG and enteric precur- 
sors Only a few examples are described here, but they are representative of the 
interesting actions of these proteins on immature cells of the nervous system (for 
more extended descriptions, see Reichardt & Farinas 1997). 

In cell culture, many populations of CNS precursors are regulated by neu- 
rotrophins. Nestin-positive cells from the rat striatum can be induced to proliferate 
with NGF (Cattaneo & McKay 1990). The proliferation and survival of oligoden- 
drocyte precursors (02A progenitors) have been shown to be promoted by NT-3 
in vitro and in vivo (Barres et al 1994). In other instances, neurotrophin applica- 
tion has been shown to induce differentiation of precursors. For example, NT-3, 
but not other neurotrophins, promotes differentiation of rodent cortical precursors 
(Ghosh & Greenberg 1995). The differentiation of hippocampal neuron precur- 
sors is promoted by BDNF, NT-3, and NT-4 (Vicario-Abejon et al 1995). Although 
these observations suggest that neurotrophins regulate the size of precursor pools 
and neurogenesis in vivo, analyses of the various neurotrophin and Trk receptor 
knockouts has provided no evidence that development of these cell populations 
within the CNS is perturbed during embryogenesis. 

NT-3 has been shown to promote proliferation of cultured neural crest cells 
(e g Sieber-Blum 1991, 1999). In vivo, however, initial formation of sensory and 
sympathetic ganglia appears to occur normally in mouse embryos (Farinas et al 
1996 Wilkinson et al 1996). Only after initiation of neurogenesis is elevated 
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apoptosis observed in the NT-3 mutant, and apoptosis appears to restricted to 
cells that have left the cell cycle and express neuronal markers (Wilkinson et al 
1996- Farinas et al 1996, 1998; Huang et al 1999a). This is consistent with ev- 
idence in murine sensory ganglia that expression of Trk receptor follows and 
does not precede withdrawal from the cell cycle (Farinas et al 1998 Huang et al 
1999a) Although direct effects of neurotrophin deficiency appear to be restarted 
to neurons, evidence for an indirect effect on precursors has been obtained I in 
the DRG sensory ganglia of both NT-3 and NGF mutants (Farinas et al 1996; I 
Farinas, unpublished data). In these ganglia, the loss of neurons through apoptosis 
stimulates the differentiation of precursors into neurons without affecting their 
survival or rate of proliferation. As a result, the precursor pool is depleted during 
late stages of neurogenesis, and many fewer neurons than normal are born. In- 
creased differentiation of precursors in these mutants could potentially be caused 
by a reduction in lateral inhibition mediated by the Delta-to-Notch signaling 

^ The failure to detect Trk receptor expression in murine sensory ganglia pre- 
cursors does not mean that these receptors are not expressed in any proliferating 
neural crest cell derivatives in mouse embryos. The mesenchymal cells derived 
from cardiac neural crest have been shown to be important in cardiac development 
in avian embryos, and a similar population has recently been identified in murine 
embryos (Jiang et al 2000). NT-3 and TrkC mutant embryos have severe cardiovas- 
cular abnormalities, including atrial and ventricular septal defects and pulmonary 
stenosis which seemed likely to be caused by deficits in a neural crest-derived 
population of cells (Donovan et al 1996, Tessarollo et al 1997). More recently, 
however, expression of both NT-3 and TrkC have been detected in embryonic car- 
diac myocytes, and TrkC receptor-dependent signaling has been shown ,to ^promo e 
proliferation of these myocytes during early development (Lin et al 2000). This 
raises the possibility that abnormalities in valveand outflow tracts observed in NT-3 
and TrkC mutants are not caused by a signaling deficit in neural crest cell progeny. 
Effects could potentially be indirect. It is interesting that BDNF deficiency also 
results in abnormalities in the heart (Donovan et al 2000). BDNF activation of 
TrkB receptors expressed in the cardiac vasculature is essential for maintaining 
the survival of cardiac endothelial cells and integrity of the cardiac vascular bed 
in early postnatal animals. 

ESSENTIAL ROLES IN DIFFERENTIATION 
AND FUNCTION 

Sensory and Sympathetic Neuron Development 

In a few instances, neurotrophins have been shown to regulate the pathways of 
differentiation selected by neural precursors and to regulate the differentiation pro- 
cess helping to determine the levels of expression of proteins essential for the nor- 
mal physiological functions of differentiated neurons, such as neurotransmitters, 
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ion channels, and receptors. For example, in vitro and in vivo NGF promotes 
the differentiation of sympathoadrenal precursors into sympathetic neurons as 
opposed to adrenal chromaffin cells (Levi-Montalcini 1987, Anderson 1993 ^ In 
contrast, glucocorticoids have been shown to suppress these responses to NGF, 
inhibiting differentiation into neurons and promoting differentiation into mature 
adrenal chromaffin cells. As glucocorticoids are present in high concentrations 
in the adrenal gland, they seem likely to regulate differentiation of sympathoad- 
renal precursors similarly in vivo. In vitro and in vivo, the actions of NGF and 
glucocorticoids on these precursors are largely irreversible and dramatic The sym- 
pathetic neurons formed are permanently dependent on NGF for survival whereas 
the chromaffin cells are not. The two differentiated cell types differ in their pre- 
dominant transmitter (norepinephrine vs epinephrine). Morphologically they are 
distinct, and this clearly reflects differences in many molecular constants, which 
are regulated either directly or indirectly by NGF and the glucocorticoids. In PCI 2 
cells a very brief exposure to NGF has been shown to result in long-term induction 
of a'sodium channel gene (Toledo-Aral et al 1995). This may serve as a mode 
system for investigating how neurotrophins can cause irreversible fate changes 
within neurons. 

As described above, precursors of murine sensory neurons do not appear to ex- 
nress Trk receptors in vivo or be affected directly by deficiencies in neurotrophins 
(Farinas et al 1998, 2000; Huang et al 1999a). In mouse DRG, at least, initial 
generation of TrkB- and TrkC-expressing versus TrkA-expressing neurons ap- 
pears to occur in two waves, dependent on sequential expression of neurogenms 
2 and 1 (Ma et al 1999). The neurotrophins function to maintain the viability 
of these neurons. They do not appear to guide their initial determination. There 
is some evidence indicating that the situation may be more complicated in the 
chicken embryo. There, evidence has been obtained that suggests a subpopula- 
tion of DRG precursors expresses TrkC, and available evidence suggests there 
is more dynamic regulation of Trk receptor expression after neurogenesis than is 
observed in mouse sensory ganglia (e.g. Rifkin et al 2000). It seems unlikely, how- 
ever, that the role of neurotrophins is very different there than in murine sensory 

^NeLtrophins are important in regulating aspects of later sensory neuron devel- 
opment that, in some instances, control important aspects of neuronal phenotype. 
For example, NGF-responsive sensory neurons primarily convey nociceptive in- 
formation and extend either unmyelinated C-fibers or thinly myelinated AS fibers. 
They express small peptide transmitters, such as CGRP and substance P spe- 
cific receptors such as the capsaicin receptor, and distinct Na+ channels isoforms 
(e g Amaya et al 2000, reviewed by Mendell et al 1999). Expression levels of 
most of these proteins are regulated by NGF (e.g. Fjell et al 1999, reviewed in 
Lewin & Barde 1996, Mendell 1999; Mendell et al 1999). Although the absence 
of NGF during embryogenesis results in loss of almost all nociceptive neurons, at 
later ages withdrawal of NGF no longer kills these neurons. Instead, perturbation 
of NGF levels results in phenotypic changes. When NGF is sequestered during 
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the early postnatal period, the properties of AS fibers are dramatically changed 
(Ritter et al 1991). Normally, many of these fibers are responsive to high thresh- 
old mechanical stimulation and are classified as high-threshold mechanoreceptors 
(HTMRs). Postnatal deficiency in NGF results in almost complete loss of HTMRs 
with a proportional increase in D-hair fibers, which respond to light touch. As 
this change is not associated with elevated apoptosis, the results suggest that the 
neurons of origin for the HTMR fibers are not lost but instead undergo a change in 
phenotype, becoming D-hair fibers that function as touch, but not pain, receptors. 
The central projections of D-hair and HTMR fibers have different termination 
zones in the substantia gelatinosa, and it is interesting that the phenotypic conver- 
sion induced by withdrawal of NGF does not result in inappropriate innervation 
by D-hair fibers of zones normally innervated by HTMR fibers (Lewin & Mendell 
1 996). Central projections appear to be regulated to maintain appropriate modality 

connectivity. . . 

Overexpression of NGF in skin using the keratin-14 promoter results in in- 
creased survival of both the C and AS classes of nociceptive neurons and, 
in addition, affects the functional properties of these neurons (Stucky et al 1999, 
Mendell et al 1999, Stucky & Lewin 1999). The percentage of AS fibers respon- 
sive to nociceptive stimuli increases from 65% to 97%, which may reflect selective 
survival of these neurons. Even more notably, the percentage of C-fibers respon- 
sive to heat increases from 42% to 96%, an effect too large to be accounted for 
by their selective survival. In addition, the chronic presence of NGF in skin also 
affects the functional properties of heat-sensitive C-fibers, increasing their thermal 
responsiveness and lowering their mechanical responsiveness. It seems likely that 
regulation of VR-1, the capsaicin receptor, may be involved in these phenotypic 

changes. . . 

NGF is not the only neurotrophic factor to regulate the phenotype of nociceptive 
neurons. Although all nociceptors are believed initially to express TrkA, a propor- 
tion of these begin subsequently to express c-ret together with one or more of the 
GFR adapter subunits (e.g. Snider & McMahon 1998). In addition to expressing 
c-ret these neurons are distinguished by expression of a binding site for the plant 
lectin isolectin B4. As development proceeds, their survival becomes dependent 
on GDNF family members (Molliver et al 1997). Targeted disruption of the GFR- 
«2 gene does not cause loss of cells expressing the isolectin B4 ligand but does 
result in a three-fold reduction in the percentage of isolectin B4 ligand-expressing 
neurons sensitive to heat (CL Stucky, J Rossi, MS Airaksinen, GR Lewin, un- 
published observations). The results indicate that signaling mediated by a GDNF 
family member, most likely neurturin, is necessary for these neurons to manifest 
a nociceptive phenotype. 

Continued presence of D-hair afferents has been shown to depend on N 1-3 
in early postnatal development and on NT-4 at later times (Airaksinen et al 1996 
Stucky et al 1 998). It is not certain whether these phenotypes are caused by neuronal 
loss or changes in neuronal phenotype. 
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Control of Target Innervation 

Each of the neurotrophins has been shown to promote neurite outgrowth by re- 
sponsive neurons in vitro. Elegant experiments have demonstrated that local NGF 
regulates the advance of sympathetic neuron growth cones (Campenot 1977). The 
presence of NGF within a compartment was shown to be essential for axons to 
grow into that compartment, even when neurons received adequate trophic sup- 
port. When neurons were seeded between two chambers, one with NGF and one 
with no neurotrophin, axons invaded only the chamber containing NGF. If at a later 
time NGF was withdrawn from a chamber, the axons stopped growing and slowly 
retracted In addition to promoting growth, gradients of neurotrophins are able 
to steer growth cones in vitro (Gundersen & Barrett 1979). It is intriguing that in 
these assays, whether a neurotrophin acts as a chemoattractant or a chemorepellent 
depends on cyclic nucleotide levels within neurons (Song et al 1997, Song & Poo 
1 999). The chemoattractive activities of NGF and BDNF, acting through TrkA and 
TrkB, respectively, are converted to chemorepellent activities by inhibitors of the 
cAMP signaling cascade. Effects of a PI-3 kinase inhibitor and of NGF signaling 
through a TrkA mutant lacking a putative PI-3 kinase docking site suggest that 
activation of PI-3 kinase is required for the chemoattractive response (Ming et al 
1 999). It is intriguing that although the different Trk receptors are believed to func- 
tion through similar signal transduction pathways, the chemoattractive activity of 
NT-3, acting through TrkC, is not affected by agents that affect cAMP-mediated 
signaling Instead, inhibitors of cGMP signaling convert this chemotrophic re- 
sponse from attractive to repulsive (Song & Poo 1999). These observations argue 
persuasively that there are fundamental differences in the signaling mediated by 
different Trk receptors. 

Since the discovery of NGF, it has been appreciated that systematically applied 
neurotrophins affect innervation patterns in vivo (e.g. Levi-Montalcini 1987). NGF 
was shown to increase innervation of tissues that receive sympathetic or sensory 
innervation normally and to induce aberrant innervation of tissues that normally 
are not innervated. In adults, neurotrophins are generally concentrated in targets 
of sensory and sympathetic targets (e.g. see Reichardt & Farinas 1997). Analyses 
of transgenic animals either lacking or expressing ectopically neurotrophins have 
provided many examples where disruptions of normal expression patterns of a 
neurotrophin results in perturbations of innervation, including aberrant routing of 
axons and interference with innervation of specific targets. For example, elevation 
of NGF in pancreatic islets using the insulin promoter induces dense sympathetic 
innervation of cells within the pancreatic islets, which normally are not innervated 
(Edwards et al 1989). Elevation of NGF in the epidermis using the keratin-14 
promoter induces similarly dense sympathetic innervation of the epidermis (Guidry 
et al 1998). In this case also, the pattern of innervation is perturbed. Sympathetic 
innervation of the footpad vasculature and sweat glands is strongly inhibited. 
Instead, the sympathetic fibers are found in a plexus together with sensory fibers in 
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the dermis Sympathetic innervation is also distributed aberrantly in the vicinity 
of the mystacial pads (Davis et al 1997). Overexpression of NGF under control of 
the keratin-14 promoter also increases greatly the density of sensory innervation, 
selectively promoting innervation by NGF-dependent nociceptors (Stucky et al 
1999) In contrast to sympathetic fibers, aberrant targeting of these endings was 
not detected. As a final example, in mice that overexpress BDNF under control of 
the nestin promoter, sensory fibers dependent on this neurotrophm appear to stall 
at sites of ectopic BDNF expression at the base of the tongue and fail to reach the 
gustatory papillae (Ringstedt et al 1999). Fibers that do not traverse these sites of 
ectopic BDNF expression are able to reach and innervate their targets normally. 
Taken together, the results of these studies indicate that elevated expression of 
a neurotrophin in a region usually results in an increased density of innervation 
by axons from neurons that normally innervate that region. Overexpression in 
regions that are normally not innervated often, but not always, results in aberrant 
innervation by neurons responsive to that neurotrophin. This suggests that guidance 
and targeting clues are either masked or overridden by the presence of high levels 
of a neurotrophin. Consistent with this concept, recent studies in tissue culture 
have shown that uniform exposure of TrkA-expressing neurons to NGF results 
in a desensitization of chemotactic responses to gradients of netnn, BDNF, or 
myelin-associated glycoprotein, which suggests that these factors share common 
cytosolic signaling pathways (Ming et al 1999). 

In some instances, deficits or aberrancies in innervation observed in transgenic 
animals may reflect competitive phenomena. In analyses of innervation by sensory 
neuron fibers of mystacial pads, elevated innervation by TrkA-dependent sympa- 
thetic fibers was observed in mutants lacking BDNF or TrkB (Rice et al 1998). 
Excessive innervation by TrkA-dependent sensory endings was seen in mice lack- 
ing BDNF, NT-4, or TrkB. When innervation of different classes of endings that 
detect mec'hanosensation was examined in these mutants, each ligand and Trk re- 
ceptor was shown to support innervation of at least one type of mechanoreceptor 
(Fundin et al 1997). Innervation of some endings is dependent on more than one 
neurotrophin or Trk receptor. For example, NT-3 is important for formation of 
all types of endings, but it may signal through different Trk receptors as devel- 
opment proceeds. In addition, the results suggested that BDNF signaling through 
TrkB may suppress Merkel innervation whereas NT-3 signaling through TrkC 
suppresses Ruffini innervation. There is not a single compelling explanation for 
these observations. Some sprouting may be attributable to loss of competition for 
a neurotrophin. Absence of TrkC-dependent endings, for example, may result in 
less NT-3 being transported out of the region. The elevated level of NT-3 remain- 
ing in the region may mediate sprouting of endings otherwise supported by NGF 
alone. Not all observations appear compatible with this model, however. Instead, 
the results suggest that neurotrophin-mediated signaling regulates, both positively 
and negatively, responses to other factors involved in sensory fiber targeting and 
differentiation. 
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Sensory Neuron Function 

Neurotrophins have multiple interesting effects on the functional properties of sen- 
sory neurons extending beyond regulation of their survival. Essentially all modal- 
ities of sensory information are modulated in different ways by changes in the 
levels of these factors. 

During early postnatal rodent development, both NT-3 and BDNF have been 
shown to regulate the development of the synapses formed between la afferents and 
motor neurons (Seebach et al 1999). Chronic NT-3 results in larger monosynaptic 
excitatory postsynaptic potentials (EPSPs) and reduced polysynaptic components, 
whereas BDNF actually reduces the size of the monosynaptic EPSPs and increases 
the contribution of polysynaptic signaling. Infusion with TrkB-Ig also results in 
the appearance of larger monosynaptic EPSPs, which suggests that endogenous 
BDNF is an important modulator of development of these synapses. Infusion with 
TrkC-Ig had little effect. These data argue that levels of endogenous BDNF within 
the spinal cord control the comparative efficiencies of monosynaptic and polysy- 
naptic signaling between la afferents and motor neurons. The role of endogenous 
NT-3 is less certain. 

During the first postnatal week, but not subsequently, direct application of 
NT-3 has been shown to acutely potentiate the a-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid (AMPA)/kainate receptor-mediated monosynaptic EPSP 
at the synapses formed by la afferents on motor neurons (Arvanov et al 2000). 
Potentiation is long lasting and is prevented by an inhibitor of Trk receptor ki- 
nase activity. Initiation, but not maintenance, of potentiation requires N-methyl-D- 
aspartate (NMDA) receptors and postsynaptic Ca 2+ . The dependence on NMDA 
receptor function and Ca 2+ are similar to the requirements for generation of long- 
term potentiaion (LTP) in the hippocampus (see Malenka & Nicoll 1999). It is 
intriguing that EPSPs with similar properties evoked by stimulation of a different 
innervation pathway are not potentiated by NT-3, so the effects of NT-3 are synapse 
specific. NT-3 is effective at potentiating the strength of the la afferent-motor neu- 
ron synapse only during the first week, very likely because NMDA receptors are 
downregulated at later times. 

Effects of peripheral nerve transection on monosynaptic la EPSPs, however, 
suggest that NT-3 from peripheral sources is also important in regulating the effi- 
ciency of synaptic function in adult animals. Peripheral transection results in long- 
term declines in conduction velocity and monosynaptic EPSP amplitude (Mendell 
et al 1999). These declines can be prevented by infusion of NT-3 in the vicinity 
of the cut nerve ending, which suggests that interruption of NT-3 transport is the 
cause of the synaptic deficiencies observed after transection. 

Although overexpression of NGF induces the changes described in the previous 
section that are likely to involve gene expression, acute NGF also has striking 
effects on nociceptors. Application of NGF to the undersurface of a patch of skin 
acutely sensitizes nociceptive C and A8 fibers to heat within 10 min (e.g. Shu & 
Mendell 1999a). Sensitization is not seen in the skin of animals depleted of mast 
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cells, so a maj or pathway mediating this response is believed to involve activation of 
mast cells by NGF, resulting in secretion from these cells of serotonin, histamine, 
and other agents, including NGF (e.g. see Levi-Montalcini et al 1996). Acute 
application of NGF also sensitized the subsequent response of sensory neurons to 
capsaicin (Shu & Mendell 1999b). As sensitization is seen in dissociated sensory 
neuron cultures, NGF must be acting directly on the sensory neurons. 

One of the proteins known to be upregulated by NGF in sensory neurons is 
the neurotrophin BDNF (Michael et al 1997). There is evidence that BDNF is 
transported to both peripheral and central terminals of nociceptive sensory neurons. 
In the periphery, BDNF and NT-4 have been shown to acutely sensitize nociceptive 
fibers by a pathway that requires the presence of mast cells (Shu et al 1999, Rueff 
& Mendell 1996). Sensory neuron-derived BDNF also appears to act centrally 
(Mannion et al 1999, Woolf & Costigan 1999). Perfusion of the spinal cord with 
TrkB-IgG has been shown to prevent the progressive hypersensitivity elicited by 
low-intensity tactile stimulation of inflamed tissues. 

Cortical Circuitry and Function 

Several neurotrophins are expressed in the neocortex and hippocampus during 
development, and their expression continues in adult animals, which suggests 
that they have functions extending beyond initial development. NGF, for exam- 
ple, is widely expressed in both the developing and adult neocortex (e.g. Large 
et al 1986). Projections from the cholinergic basal forebrain extend throughout 
the neocortex and hippocampus (e.g. Mesulam et al 1983). The fibers of these 
projections express TrkA (e.g. Sobreviela et al 1994), and expression in these 
neurons of proteins associated with cholinergic function, such as choline-o-acetyl 
transferase, is increased by infusion of NGF (e.g. Hefti et al 1989). NGF infusion 
has been shown to attenuate the behavioral deficits associated with cholinergic 
atrophy (e.g. Fischer et al 1987). Maintenance of normal function of these neurons 
in adult animals is sensitive to small perturbations of NGF levels. For example, 
animals heterozygous for a mutation in the NGF gene express approximately half 
the normal level of NGF mRNA and protein and have significant deficits in memory 
acquisition and retention, which can be corrected by prolonged infusion of NGF 
(Chen et al 1997). Mice lacking TrkA have also been shown to have deficits in 
cholinergic projections from the basal forebrain (Smeyne et al 1994). 

Both BDNF and TrkB are widely expressed in the developing and adult hip- 
pocampus and neocortex (e.g. Cellerino et al 1996). BDNF mRNA is present in 
excitatory pyramidal neurons, but not in GABAergic inhibitory interneurons. TrkB 
is expressed by both classes of neurons, although its expression is higher in in- 
hibitory interneurons. In addition, expression of BDNF is regulated by both sensory 
input and electrical activity. For example, induction of seizures in the hippocampus 
strongly induces BDNF expression (e.g. Kornblum et al 1997). In the visual and 
somatosensory cortices, expression has been shown to be regulated by sensory 
inputs, with deprivation reducing expression of this neurotrophin (e.g. Castren 
et al 1992, Rocamora et al 1996, Singh et al 1997). Several promoters control 
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expression of BDNF mRNA, and one of these is regulated by Ca 2+ acting through 
Ca 2+ -calmodulin-dependent protein kinase IV to phosphorylate and activate the 
transcription factor CREB (Tao et al 1998, Shieh et al 1998). BDNF is sorted into 
a regulated secretory pathway in hippocampal neurons (e.g. Farhadi et al 2000), 
so increases in neuronal activity should both activate transcription of the BDNF 
gene and increase secretion of the BDNF protein. 

Expression of TrlcB has also been shown to be modestly increased by activity 
(e.g. Castren et al 1992). Equally important, surface expression of TrkB is also 
regulated by activity (Meyer-Franke et al 1998). In the absence of activity, this 
protein appears to be largely sequestered into cytoplasmic vesicles. This result 
suggests that neurons become more responsive to BDNF as a result of activity. At 
the subcellular level, regulation of TrkB distribution may provide a mechanism 
by which active and inactive synapses differ in their responsiveness to BDNF, 
thereby regulating actin dynamics, glutamate receptor activity, and other functions 
important for adjusting synaptic function. In the absence of a direct demonstration 
of activity-regulated TrkB trafficking in vivo, however, this should be considered 
only an intriguing possibility. 

In the neocortex, BDNF signaling through TrkB has been implicated in both 
development and maintainance of cortical circuitry. BDNF expression in excita- 
tory neurons is promoted by activity, whereas increased release of BDNF can be 
expected to enhance the effectiveness of inhibitory interneurons. This has raised 
the possibility that BDNF-to-TrkB signaling modulates an autoregulatory circuit 
between excitatory pyramidal cells and inhibitory interneurons. In mixed cul- 
tures of postnatal rat cortical neurons, activity blockage has been shown to reduce 
reversibly GABA expression in interneurons and to reduce GABA-mediated in- 
hibition on pyramidal cells (Rutherford et al 1997). In these cultures, the rates 
of firing are stabilized by scaling of the amplitude of AMPA receptor-mediated 
synaptic inputs (Rutherford et al 1998). These effects appear to be modulated by 
endogenous BDNF, as effects of activity blockade can be prevented by exoge- 
nous BDNF and effects of activity blockade are mimicked by a BDNF scavenger 
(Desai et al 1999). It is attractive to imagine that this autoregulatory circuit 
functions in vivo. 

Formation of Ocular Dominance Columns 

The density of innervation of layer IV by afferents from the thalamus is increased 
by exogenous BDNF and reduced by a scavenger of endogenous BDNF, TrkB-IgG 
(Cabelli et al 1997). Both agents appear to interfere with sorting of these affer- 
ents into ocular dominance columns, raising the possibility that competition for 
limiting amounts of BDNF by these afferents is involved in some manner in the 
sorting mechanism. In addition, infusion of NT-4 into the visual cortex during the 
critical period has been shown to prevent many of the consequences of mono- 
cular deprivation (Gillespie et al 2000). In the presence of NT-4, neurons remain 
responsive to stimuli from the deprived eye. Even after responses to the deprived 
eye are lost, infusion of NT-4 is able to restore them. These observations suggest 
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that TrkB activation during the critical period promotes connectivity independent 
of correlated activity. 

The function of inhibitory interneurons is essential for formation of ocular 
dominance columns (e.g. Hensch et al 1998), and maturation of these neurons is 
regulated by BDNF in vitro and in vivo. In initial analysis of the BDNF mutant, 
several deficits in interneuron maturation were detected, including expression of 
Ca 2+ -binding proteins and peptide neurotransmitters (Jones et al 1994). Recently, 
BDNF has been overexpressed in excitatory pyramidal neurons by use of the Ca 2+ - 
calmodulin-dependent protein kinase II promoter (Huang et al 1999c). In these 
animals, maturation of interneurons is accelerated, as assessed by expression and 
synaptic localization of glutamate decarboxylase, expression of parvalbumin, and 
the strength of inhibitory postsynaptic potentials. In addition, the critical period 
of ocular dominance plasticity begins and terminates precociously, and the acuity 
of vision increases on an accelerated time course (Huang et al 1999c, Hanover 
et al 1999). As visual stimulation also increased expression of BDNF within pyra- 
midal neurons, the results suggest that early sensory stimulation acts to promote 
maturation of interneurons through BDNF-to-TrkB signaling. Interneurons in turn 
promote the refinements in synaptic connectivity needed for maturation of the 
cortex. The results suggest that refinement of cortical circuitry is driven by intra- 
cortical mechanisms, which then drive the sorting of thalamic afferents. Recent 
work supports this model (e.g. Trachtenberg et al 2000). 

Another mechanism by which neurotrophins may control development and 
changes in cortical circuitry is through control of dendritic and axonal arbors. 
Neurotrophins affect neuronal morphologies at many levels in the visual pathway. 
Local application of BDNF or of a BDNF scavenger, for example, has been shown 
to decrease and increase, respectively, the complexity of Xenopus retinal ganglion 
cell dendritic arbors (Lorn & Cohen-Cory 1999). Local application to the optic 
tectum of these same agents has different effects on axonal branching patterns, 
with BDNF increasing the complexity of retinal ganglion cell-derived axonal 
arbors and a BDNF scavenger having the opposite effect. NT-4 has been shown 
to prevent the atrophy of lateral geniculate neurons seen after monocular visual 
deprivation (Riddle et al 1995). Applications of BDNF, NT-3, or NT-4 to slices 
of neonatal neocortex have been shown to regulate the dendritic morphologies 
of pyramidal cells over comparatively short time spans (e.g. Horch et al 1999; 
reviewed in McAllister et al 1999). The effects are distinct, cell specific, and layer 
specific. For example, BDNF was observed to promote dendritic arborization of 
neurons in layers IV and V, but BDNF actually inhibited arborization by neurons 
in layer VI (McAllister et al 1997; see also Castellani & Boltz 1999). In layer 
IV, NT-3 was shown to oppose the stimulation of dendritic arborization promoted 
by BDNF. In layer VI, BDNF inhibited the stimulation of arborization induced 
by NT-3. Apical and basal dendrites of the same neurons responded differently to 
the same neurotrophin (e.g. McAllister et al 1995). Many of the observed effects 
were prevented by blocking electrical activity (e.g. McAllister et al 1996). Specific 
deletion of the TrkB gene in pyramidal neurons also results in striking changes in 
these cells during postnatal development, with significant retraction of dendrites 
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observed at 6 weeks and loss of many neurons seen at 10 weeks of age (Xu 
et al 2000b). Although the changes in dendritic morphology and subsequent loss 
of neurons were cell autonomous, requiring deletion of the TrkB gene within 
the affected neurons, changes in gene expression were also seen that were not 
cell autonomous, i.e. they were observed in neurons that continued to express 
TrkB. It seems likely that circuit perturbation as a result of alterations of dendritic 
morphologies accounts for these changes. 

Taken together, the results described above indicate that neurotrophins are im- 
portant in regulating establishment and function of cortical circuits. Within the 
visual system, they regulate development of retinal ganglion cell axonal and den- 
dritic arbors, thalamic afferents, cortical pyramidal cells, and cortical interneu- 
rons, with profound effects on cortical function. Although mechanisms by which 
neurotrophins influence axonal and dendritic morphologies in vivo have not be ex- 
amined, they almost certainly involve regulation of the Cdc-42/Rac/Rho family of 
small GTPases. Aberrant expression of constitutively active and dominant negative 
mutants of these proteins have been shown to have dramatic effects on dendritic 
branch patterns and spine density (e.g. Li et al 2000, Nakayama et al 2000). 

Synaptic Strength and Plasticity 

Mechanisms underlying establishment of LTP between afferents from CA3 pyra- 
midal cells and postsynaptic CA1 pyramidal neurons in the hippocampus have 
been of intense interest, as these mechanisms are believed to provide a paradigm 
for regulation of synaptic strength and plasticity (reviewed in Malenka & Nicoll 
1999). BDNF is expressed in CA3 and CA1 pyramidal neurons within the hip- 
pocampus, and TrkB is expressed by almost all hippocampal neurons, including 
dentate granule cells, CA3 and CA1 pyramidal cells, and inhibitory interneurons. 
It is interesting that LTP is greatly reduced in BDNF mutants, both in homozygotes 
and in heterozygotes (e.g. Korte et al 1995, Patterson et al 1996). Long-lasting, 
protein synthesis-dependent LTP is not seen in these mutants (Korte et al 1998). 
There are also deficits in long-lasting LTP and in memory consolidation in the hip- 
pocampus in mutant mice lacking NT-4 (Xie et al 2000). CA1 LTP is also reduced 
in TrkB mutant heterozygotes and in a mouse mutant that expresses reduced levels 
of TrkB (Minichiello et al 1999, Xu et al 2000a). Signaling through p75NTR does 
not appear to-be important, because there is very little expression of this recep- 
tor within the hippocampus and because functional antibodies to p75NTR do not 
affect LTP (Xu et al 2000a). Loss of TrkB from excitatory pyramidal neurons in the 
hippocampus and forebrain interferes with memory acquisition and consolidation 
in many learning paradigms (Minichiello et al 1999). 

In these mutants, the observed reductions in synaptic plasticity probably reflect 
functional, not developmental, deficits. First, the hippocampi of these animals 
appear to be morphologically normal. Second, a very similar inhibition of LTP 
can be seen following acute application of the BDNF/NT-4 scavenger TrkB-IgG 
to hippocampal slices (e.g. Chen et al 1999). Finally, the deficits observed in 
BDNF mutant heterozygotes and homozygotes can be rescued by exposure of 
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hippocampal slices to BDNF (Korte et al 1995, Patterson et al 1996). The en- 
hanced efficiency of synaptic transmission observed after induction of LTP is 
largely mediated by an NMDA receptor-dependent increase in AMPA receptor 
function (reviewed in Malenka & Nicoll 1999). Most evidence suggests, however, 
that BDNF-to-TrkB signaling is not directly involved in the biochemical changes 
underlying LTP within the postsynaptic cells, but instead modulates the compe- 
tence of presynaptic nerve terminals to generate the repetitive exocytotic events 
needed to modify the responses of these postsynaptic neurons. In one set of exper- 
iments, LTP was generated normally in a TrkB hypomorph by a low-frequency- 
paired depolarization protocol that specifically assesses properties of postsynaptic 
cells and puts minimal demands on presynaptic terminal function (Xu et al 2000a). 
In addition, AMPA and NMDA receptor functions appeared to be normal in the 
postsynaptic neurons. In contrast, the ability of presynaptic nerve terminals to re- 
spond to repetitive pulses of stimulation was clearly impaired. Consistent with a 
presynaptic deficit, BDNF has been shown to enhance synaptic vesicle release in 
response to tetanic stimulation, possibly by promoting docking of synaptic vesi- 
cles to the presynaptic membrane (e.g. Gottschalk et al 1998, Pozzo-Miller et al 
1999). Also consistent with a presynaptic deficit, LTP is further reduced in a TrkB 
mutant heterozygote by elimination of the remaining functional TrkB gene from 
excitatory pyramidal cells in both the CA3 and CA1 regions, eliminating TrkB 
from both presynaptic and postsynaptic neurons (Minichiello et al 1999). LTP 
is not further reduced, however, by deletion of the TrkB gene solely within the 
postsynaptic CA1 pyramidal neurons in the mouse mutant that expressed reduced 
TrkB levels (Xu et al 2000a). All these data argue that BDNF-to-TrkB signaling 
is crucial in presynaptic nerve terminals in CA1 that are derived from neurons 
in CA3. In addition, BDNF has been shown to decrease inhibitory postsynaptic 
currents on CA1 pyramidal cells (Tanaka et al 1997, Frerking et al 1998), so it 
is possible that part of the LTP deficit reflects an increase in inhibitory signaling 
by GABAergic interneurons in the absence of normal TrkB function within these 
cells. BDNF has been shown to affect NMDA function in hippocampal neurons 
in culture by increasing the open probability of their channels (Levine et al 1998). 
The experiments described above suggest that TrkB did not modify the function 
of these channels during tetanic stimulation. 

At many developing and mature synapses, application of a neurotrophin acutely 
stimulates neurotransmitter release. This has been most intensely studied at the 
CA1 synapse in the hippocampus and in developing Xenopus neuromuscular 
synapses (e.g. Kang & Schuman 1996, Wang & Poo 1997). In the developing 
neuromuscular cultures, the neurotrophins have both pre- and postsynaptic ef- 
fects, increasing spontaneous and evoked release of synaptic vesicles and chang- 
ing the kinetics of opening of the acetylcholine receptor (e.g. Wang & Poo 1997; 
Schinder et al 2000). Low levels of neurotrophin act synergistically with synaptic 
terminal depolarization (e.g. Boulanger & Poo 1999b). To be effective, the cell 
must be depolarized during the period of neurotrophin exposure. A cAMP ago- 
nist also synergizes with BDNF to potentiate spontaneous and action potential- 
evoked neurotransmitter release (Boulanger & Poo 1999a). The synergistic effect 
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of depolarization appears to be caused by an increase in the level of c AMR What 
is surprising is that a very similar presynaptic potentiation induced by NT-3 appli- 
cation is not affected by agents that inhibit cAMP-mediated signaling. 

In hippocampal cultures, BDNF also potentiates release from presynaptic nerve 
terminals, but potentiation depends on inositol tris-phosphate gated Ca 2+ stores 
in presynaptic nerve terminals (Li et al 1998a,b). LTP of synaptic transmission 
at the CA1 synapse in hippocampal slices has been seen by some, but not all, 
workers (e.g. Kang & Schuman 1995, Figurov et al 1996). The difference ap- 
pears to be caused by differences in slice culture and conditions of application 
of BDNF. BDNF must be applied rapidly to slices to observe potentiation (Kang 
et al 1996). In conditions where it is observed, LTP also depends on inositol tris- 
phosphate gated Ca 2+ stores, but in addition it requires local protein synthesis 
(Kang & Schuman 1996, 2000). In studies using slices of postnatal rat visual cor- 
tex, potentiation of synaptic transmission from layer IV cells to cells in layers II/III 
was seen only with very high concentrations of BDNF (Akaneya et al 1997). At 
lower concentrations, BDNF enhanced the magnitude of LTP without potentiating 
basal synaptic transmission. In both the hippocampus and postnatal visual cortex, 
BDNF enhances LTP in conditions where it does not potentiate synaptic trans- 
mission. The acute changes in BDNF concentration needed to potentiate synaptic 
transmission probably occur only rarely in vivo. BDNF also potentiates transmitter 
release from brain synaptosomes (Jovanovic et al 2000). In this case, it has been 
elegantly demonstrated that a MAP kinase phosphorylation of synapsin I mediates 
this response. The response is not seen in synaptosomes isolated from a synapsin I 
mutant and is prevented by inhibitors of the MAP kinase cascade. Phosphorylation 
of synapsins by MAP kinase has been shown to regulate their interactions with the 
actin cytoskeleton (Jovanovic et al 1996), so the MAP kinase cascade may poten- 
tiate synaptic transmission by releasing synaptic vesicles from the cytoskeleton, 
facilitating their entry into a exocytosis-competent pool. It will be interesting to 
determine whether BDNF-to-TrkB signaling regulates generation of LTP in mice 
lacking synapsin L 

CONCLUSION 

The discovery of NGF and the neurotrophins was made possible by the observa- 
tion that many populations of neurons depend on cell-cell interactions, specifically 
neuron-target interactions, for survival during embryonic development. The con- 
cept that limiting amounts of survival factors ensured a match between the number 
of neurons and the requirement for their functions was attractive. This model also 
provided a potential means for eliminating mistakes through death of neurons 
with aberrantly projecting axons. Thus, this was visualized as a mechanism for 
constructing the complex nervous systems of vertebrates. Subsequent studies have 
shown that these proteins are involved in many more aspects of neural development 
and function. Cell fate decisions, axon growth, dendrite pruning, synaptic function, 
and plasticity are all regulated by the neurotrophins. Studies of this small group 
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of proteins have provided illuminating insights into most areas of contemporary 
neuroscience research and will almost certainly continue to do so in the future. 
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NOTE ADDED IN PROOF 

In a recent study of the roles of GDNF and neurturin in the development of parasym- 
pathetic ganglia, GDNF has been shown to be required for precursor development, 
while neurturin regulates neuronal survival in the sphenopalatine and otic ganglia 
(Enomoto H et al 2000). A change in expression of GFRo; receptors provides the 
most likely explanation for this switch. 
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Figure 2 Schematic diagram of p75NTR-mediated signal transduction pathways. 
P75NTR interacts with proteins, including TRAF6, RhoA, NRAGE (neurotrophin receptor- 
interacting MAGE homologue), SC-1, and NRIF, and regulates gene expression, the cell 
cycle, apoptosis, mitogenic responses, and growth cone motility. Binding of neurotrophins 
to p75NTR has also been shown to activate the Jun kinase pathway, which can be inhibited 
by activation of the Ras-phosphatidylinositol-3 -kinase (PI3K) pathway by Trk receptors. 
Similar to Figure 1 , adaptor proteins are red, kinase green, small G proteins blue, and 
transcription factors brown. (See text for abbreviations.) 
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Cellular diversity in the nervous system evolves from 
the concerted processes of cell proliferation, differen- 
tiation, migration, survival, and synapse formation. 
Neural adhesion and extracellular matrix molecules 
have been shown to play crucial roles in axonal migra- 
tion, guidance, and growth cone targeting (Dodd and 
Jessell, 1 988). Now the molecular components respon- 
sible for neuronal cell survival and differentiation are 
rapidly being defined with the discovery of new 
growth factors, their corresponding receptors, and 
signal transduction pathways. With multiple, structur- 
ally related molecules defining large gene families, 
this situation creates a problem in identifying the ex- 
act function for each individual family member and 
confronting the issue of redundancy that appears to 
be built into each biological process. 

Growth factors generally initiate signaling by activa- 
tion of transmembrane receptors, which regulate the 
activity of key cellular proteins by postradiational 
modification. The intent of this review is to discuss 
how neurotrophin receptors have i nsigt 
into neuronal signal transduction and to highlight the 
major questions that remain unanswered. The neuro- 
trophin factor family and the trk tyrosine kinase family 
serve as examples of how essential functions appear 
to be encoded by multiple receptors, whose activities 
are restricted to specific neuronal populations. 

The trk Proto-Oncogene 

The trophic actions of nerve growth factor (NCF) have 
been studied extensively and have implicated a wide 
variety of potential second messenger pathways,^ in- 
cluding phospholipid turnover, increases in cAMP 
and CaK arachidonic acid, and involvement of sen ne/ 
threonine protein kinases (Halegoua et al., 1991). A 
major clue to the primary transduction mechanism for 
NCFsignaling came with the observation that tyrosine 
phosphorylation of cellular proteins occurred rapidly 
and selectively in PC12 cells (Maher, 1988). The kinase 
responsible for initiating this activity is now known 
to be the product of the protooncogene trk, p140** 
(referred to here also as trk). 

Several lines of evid nee have indicated that trk 
function is essential for NCF signal transduction. NCF 
binds directly to p140*\ resulting in activation of its 
intrinsic tyrosine kinase activity in PC12 cells (Kaplan 
et at., 1991a; Klein et al., 1991a), in SY-5Y human n uro- 
blastorna c lis, and in explanted embryonic d rsal 



root ganglia (Kaplan et al., 1991a, 1991b). These find- 
ings confirmed previous suggestions that activation 
of the NCF receptor complex results in tyrosine phos- 
phorylation (Meakin and Shooter, 1991). Mitogenic 
responses to NGF in fibroblasts expressing p140"*can 
be readily detected (Cordon-Cardo et ai., 1991), and 
Xenopus oocytes expressing P140** undergo matura- 
tion in response to NGF (Nebreda et al., 1991). 

Studies to examine the function of trk in a neuronal 
cell environment have used a mutant PC12 line 
(PC12 nof ) that is nonresponsive to NCF (Loeb et al., 
1991). PC12™ cells lack significant levels of p140**, but 
when a frkcDNA is introduced, cells display increased 
neurite outgrowth and cell survival following treat- 
ment with NCF. Expression of trk is capable of restor- 
ingfunctional responses in these cells and isessential 
for maintaining a neuronal phenotype. Thus, activa- 
tion of the trk tyrosine activity can result in either a 
differentiative or a proliferative response, dependent 
upon the cellular context in which it is expressed. 

Studies using inhibitors of phosphorylation have 
demonstrated that trk autophosphorylation is a spe- 
cific requirement for NCF function. The alkaloid 
K-252a is a potent inhibitor of NGF-induced biological 
responses (Koizumi et al., 1988), and a primary target 
of K-252a is the trk NGF receptor. Phosphorylation 
events initiated by p140«* can be inhibited by K-252a 
in a dose-dependent manner in vivo and in vitro (Berg 
et al., 1992). The inhibitory effect of K-252a is likely to 
be exerted upon the trk tyrosine kinase domain, the 
features of which distinguish the trk subfamily from 
other receptor tyrosine kinases (Table 1). Experiments 
with compounds related to K-252 show that trk tyro- 
sine kinase activity can also be potentiated by neuro- 
trophic (Knusel et al., 1992). 

The tr* gene wasoriginally detected as an oncogene 
in focus formation assays conducted in 3T3 cells 
(Martin-Zanca et al., 1986). The oncogenic activity of 
trk resulted from a genomic rearrangement event in 
which nonmuscle tropomyosin sequences were aber- 
rantly fused onto the transmembrane and cytoplas- 
mic domains of trk (hence, the name "tropomyosin 
receptor kinase"), yielding a70,000 dalton cytoplasmic 
protein that presumably unleashed its catalytic activi- 
ties to create a mitogenic phenotype. Though the trk 
gene was discovered in a colon carcinoma, RNA analy- 
sis of a wide variety of tissues indicated that trk mRNA 
is present at low levels during development and ab- 
sent in most tissues, including colon. In situ hybridiza- 
tion has revealed that the highest levels of trk expres- 
sion are confined to embryonic dorsal root ganglia 
and to other sensory ganglia such as the jugular and 
trigeminal ganglia (Martin-Zanca et al., 1990). This key 
observation promoted the hypothesis that trk may be 
related to neurotrophin function. Findings of trk 
mRNA in sympathetic ganglia (Schecterson and Both- 
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Table 1. Unique Features of trk Tyrosine Kinase Domains Compared with thr* Insulin and FGF Receptors 



Structural Feature 



trk 



trkB 



trkC 



tnsulin 
Receptor 



FGF Receptor 
(fig) 



% sequence identity with trk kinase domain 
Kinase insert 

Substitution in highly conserved amino acids-Thr for Ala-648; 

Trp for Tyr-723; absence of Pro-767. 
Tyrosine (YY) redundancy at residue 674 
Short carboxyl terminus 



+ 
+ 



79% 

+ 

+ 

+ 
+ 



76% 

+ 

+ 

+ 
+ 



52% 



38% 



Sequence comparison is based on amino acid identity between human trk (Martin-Zanca et al. ( 1989), mouse trkB (Klein et al., 1989; 
Middlemas et al., 1991), pig trkC (Lamballe et al., 1991), human insulin receptor (Ultrich et a!., 1985), and human FCFR1/flg (Ruta et al., 
1988). 



well, 1992) and basal forebrain cholinergic neurons 
(Holtzman et al. f 1992) have confirmed that trk expres- 
sion is directly associated with classic targets of NCF. 

Isolation of cellular sequences representing the trk 
proto-oncogene provided evidence that the normal 
protein exists as a transmembrane glycoprotein of M r 
140,000, p140 tf * (Martin-Zanca et al., 1989). Several no- 
table structure features set the trk tyrosine kinase do- 
main apart from other receptor tyrosine kinases (Table 
1). An insert of 14 amino acids breaks a conserved 
region in the kinase domain. This insert is consider- 
ably shorter than those found in the kinase insert se- 
quences of the receptors for platelet-derived growth 
factor and colony-stimulating factor-1, which have 
been implicated in specifying unique phosphoryla- 
tion targets and substrates (Williams, 1989; Ullrich and 
Schlessinger, 1990). The carboxyl terminus for p140 trit 
is also short (15 amino acids), in contrast with other 
members of the receptor tyrosine kinase family. The 
growth factor receptor most similar in sequence to 
trk is the insulin receptor (Ullrich et aL, 1985). This is 
intriguing, since it has been postulated that NCF and 
insulin are functionally similar (Frazier et al., 1972), 

The linkage of the trk receptor family with the neu- 
rotrophins ended the search for the trk ligand and the 
NCF receptor. Additionally, this finding established a 
clear connection between catalytic activity and bio- 
chemical reactions mediated by neuronal growth fac- 
tors. A pivotal question that remains is how signaling 
molecules that normally propagate signals resulting 
in increased cell proliferation function in postmitotic 
neurons. Tyrosine phosphorylation is known to con- 
tribute to the transduction of signals within nerve 
cells that provoke changes which probably influence 
synaptic transmission (Pang et al., 1988), desensitiza- 
tion of neurotransmitter receptors (Huganir et al., 
1984), alterations in the cytoskeleton, and modifica- 
tions in the protein synthetic apparatus. A role for 
protein tyrosine kinases has also been implicated in 
long-term potentiation (ODell et al., 1991). Since NCF 
acts directly through trk tyrosin phosphorylation, 
many other crucial activities, such as neurit out- 
growth, cell survival, neurotransmitter synthesis and 
regulation, chemotaxis, and cell death (Thoenen and 
Barde, 1980; Levi-Montalcini, 1987), may be influenced 
by prot in phosphorylation. 



Activation of the trk receptor tyrosine kinase serves 
to initiate differentiation and survival of selected pop- 
ulations of neurons, but is also capable of promoting 
cell proliferation in different cellular circumstances. 
This dichotomy in function raises the issue of how 
phosphorylation by the same tyrosine kinase can re- 
suit in two distinctive biological outcomes. In the 
nervous system, NCF exerts predominantly non- 
mitogenic effects (Black et al., 1990). Tyrosine phos- 
phorylation as a differentiative signal is likely to be 
interpreted differently (Hempstead et al., 1992). The 
proto-oncogene trk serves as a remi nder that the path- 
way leading to neuronal differentiation depends 
upon as yet undefined downstream signaling events. 

The p75 Neurotrophin Receptor 

A distinctive feature of the NGF-trk interaction is the 
coexistence of a transmembrane receptor, p75 NCrR . 
The p75 NCF receptor was originally defined by mono- 
clonal antibodies that interfered with NCF binding 
and by affinity cross-linking experiments with u: l- 
labeled NCF. The relative abundance of thep75 recep- 
tor ana" low levels of trk in most cells had obscured the 
identity of p140**, except with photoaffinity reagents 
(Massague et al., 1981; Hosang and Shooter, 1985). The 
p75 NCFR gene encodes a transmembrane glycoprotein 
that does not possess a tyrosine kinase domain (John- 
son et al., 1986; Radeke et al., 1987) and is expressed 
in all NGF-responsive cells, including sympathetic, 
sensory, and basal forebrain cholinergic neurons 
(Buck et al., 1987; Patil et al., 1990). When expressed 
in heterologous cells, p75 NCF * binds ^-labeled NCF 
with low affinity (Ko = KT* M). This low affinity recep- 
tor belongs to a family of diverse cell surface proteins, 
including two tumor necrosis factor receptors, the Fas 
antigen, the T cell antigens OX40 and mu4-1BB, and 
the B cell antigens CD30 and CD40 (Stamenkovic et 
al., 1989; Schall et al., 1990; Loetscheret al., 1990; Smith 
et al., 1990; Mallet et al., 1990; Itoh et al., 1991; Durkop . 
et al., 1992). This family of molecules exhibits a striking 
homology in the pattern of cysteine-rich r peats in 
the extracellular domain. 

Several functions have been sugg sted forp75 NCFR . 
First, p75 NCfR may function as a presentati n receptor 
to concentrate NCF, as has been suggested for 
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Schwann cells (Taniuchi et al., 1988). Second, p75 NCFB . 
may signal through a C protein-mediated mechanism 
(Feinstein and Larhammer, 1990). Third, p75 NCFR may 
be involved in retrograde transport of NGF (lohnson 
et ah, 1987). Fourth, p75 NCFR may aid in discriminating 
among neurotrophic factors (Rodriguez-Tebar et al., 
1992). Fifth, p75 NCFR may be associated with molecules 
capable of signaling (Ohmichi et aL, 1991)or providing 
substrates for p1 W*. The critical questions are why 
do two separate receptors exist for NGF in responsive 
cells, and what is the relevance of pTS**™ to neuro- 
trophin function. 

A potential but still controversial role for p75 NCHl is 
in the formation of high affinity NGF-binding sites 
(Green and Greene, 1986; Hempstead et al., 1989). 
High and low affinity binding have been defined in 
embryonic sensory cells (Sutter et al., 1979), sympa- 
thetic neurons (Godfrey and Shooter, 1986), and PC12 
cells (Schechter and Bothwell, 1981). One model pro- 
poses that coexpression of both p75* CFR and p140<* 
is required for high affinity binding. Reconstitution 
studies using gene transfer and membrane fusion 
techniques in COS, 3T3, and melanoma cells and in a 
mutant derivative of PC12 cells (NR18) have indicated 
that high affinity binding requires coexpression of 
both receptors (Hempstead et al., 1991). High affinity 
binding (Ko « 3.1 x 1CT" M) appears to require a ratio 
of p75 NGFR to p140°* of approximately 10:1, in keeping 
with the in vivo levels of the two receptors in target 
cells. Kinetic measurements of 12S l-labeled NGF bind- 
ing to cells expressing only p140** have indicated that 
the on and off rates are both slow (fc* > 10 min), ac- 
counting for the lower affinity interaction of NGF with 
p1W* (Meakin et al., 1992; Hempstead, unpublished 
data). Additionally, high affinity binding appears to 
require both cytoplasmic and extracellular NGfj- 
binding domains of p^ 1 * (Hempstead et al., 1990; 
Battleman et al,, 1992). A second model proposes that 
high affinity NGF-binding sites can be formed in the 
absence of p75 NCHl . This model is supported by experi- 
ments performed with fibroblasts expressing only the 
pl^** receptor. These studies yielded low numbers 
of intermediate or high affinity NGF-binding sites in 
addition to a majority of low affinity sites (Klein et aL, 
1991a). Further biochemical studies will be required 
to determine the nature of the high affinity binding 
site and the interactions of both receptor subunits. 

Several experimental results have indicated that 
p140"*can function independently of p75 NGFR . The use 
of blocking antibodies directed against p75 NCre (Wes- 
kampand Reichardt, 1991) and the biological effects 
of mutant recombinant NGFs (Ibdftez et al, 1992) have 
supported th conclusion that NGF binding to p140**, 
and not to p75 NCfR , appears to be sufficient to elicit 
biological responses. These results are reminiscent of 
the function of the a and 0 binding subunits of the 
Interleukirv2 receptor. Binding to the a subunit is not 
necessary for signal transduction by interleukin-2, but 
coexpression of a and P are required (Grant et al., 
1992). In addition, proliferative responses to neuro- 



tr phic factors (Cordon-Cardo et al., 1991; Glass et 
al., 1991) and NGF responsiveness due to membrane 
depolarization (Birren et al., 1992) appear to requir 
only signaling by the trk tyrosine kinase family mem- 
bers. These findings point to separate mechanisms of 
signaling for the trk family, consisting of p140"* alone 
and p140"* with p75 NGF *. 

One approach to define the physiological role of 
each receptor has been to create null mutations by 
gene targeting (Thomas and Capecchi, 1987). Genetic 
disruption of the p75 NCFR gene in mice has revealed 
that the p75 molecule has an essential role in neuronal 
development. Homozygous animals lacking p75 NCFR 
are viable, but show a pronounced deficit in thermal 
sensitivity due to a loss of sensory fibers in the periph- 
ery (Lee et al. # 1992). Dorsal root ganglia are smaller 
than those in wild-type mice, suggesting that neuronal 
cell death may have occurred. Sympathetic neuronal 
development appears normal, as demonstrated by the 
density of sympathetic innervation of the iris and sal- 
ivary gland. Although widespread expression of 
p75 NGfR has been detected (Yan and Johnson, 1988; 
Bothwell, 1990), most tissues in the null mutant appear 
normal during development It is of interest to note 
that severe skin ulcerations and hair loss on distal 
extremities are prominent in p75 NCFR -mutant mice. 

Antisense oligonucleotides against p7S NCFR have 
been reported to inhibit kidney morphogenesis (Sari- 
ola et aL, 1991) and to interfere with maturation of 
sensory neurons (Wright et al., 1992). Additional stud- 
ies of p75 mutant mice are required to document the 
full effect of this gene disruption in response to neu- 
ronal injury, regeneration, and aging. The effects ob- 
served in the p75~ null mice, together with the results 
from gene transfer experiments in cultured cells (Plea- 
sure et aL, 1990; Matsushima and Bogenmann, 1990; 
Berg et aL, 1991) and studies with mutant or chimeric 
forms of p75 NCre (Hempstead et al., 1990; Yan et aL, 
1991), indicate that NGF binding and responsiveness 
are influenced by the expression, activity, and stoichi- 
ometry of both neurotrophin receptors. 

A central dogma that has driven the neurotrophin 
field is that neuronal cell survival is dependent upon 
limiting amounts of target-derived growth factors. 
Hence, the number of surviving neurons is regulated 
by the supply of neurotrophic factors and the affinity 
of binding to their receptors. Internalization and ret- 
rograde transport of high affinity receptors are be- 
lieved to be crucial for neuronal cell survival. High 
and low affinity sites have been documented in many 
NGF-responsive neurons, which coexpress p75 NCFR 
and p140**. However, it should be emphasized that 
high affinity binding can be effectively uncoupled 
from functional responses, sine formation of high 
affinity NGF-binding sites does n t necessarily lead 
to approprtat bi logical reactions, such as neurite 
outgrowth and growth arrest. In neur trophin- 
responsive cells, high affinity receptor site formation 
will lik ly be a more important parameter for discrimi- 
nating among similar ligands and defining regulatory 
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substrates involved in nerve cell survival and special- 
ization. 

Relatives of trk 

The restricted number of cellular targets for NGF led 
to the search for related neurotrophic factors. The 
purification and molecular cloning of brain-derived 
neurotrophin factor (BDNF; Barde et al., 1982; Leib- 
rock et al., 1989), permitted the subsequent identi- 
fication of three additional neurotrophin factors, 
neurotrophin-3, -4, and -5<NT-3, NT-4, and N7V5; Maison- 
pierre et aL, 1990; Hohn et aL, 1990; Rosenthal et al., 
1990; Ernfors et al., 1990; Jones and Reichardt, 1990; 
Hallbdok et al., 1991; Berkemerer et al., 1991). NT-3, 
NT-4, and NT-5 have not been directly purified from 
any tissue source, but have been obtained in recombi- 
nant form after expression in cultured cells. NT-4 has 
been proposed to be a species paralog of NT-5 (Ip 
et al., 1992), but this issue is still unresolved. All the 
neurotrophic factors are capable of promoting sur- 
vival and differentiation of sensory neurons, but they 
display markedly different activities in other cell pop- 
ulations. For example, NGF, but not BDNF, enhances 
the survival and outgrowth of neurites in sympathetic 



neurons, whereas BDNF, but not NGF, is capabl of 
promoting the survival of nodose sensory neurons 
(Barde, 1989). Thus, neurotrophins display similar bio- 
logical effects upon distinct but overlapping popula- 
tions of neuronal cells. 

Molecules related to trk, such as trkB and trkC, bind 
and respond preferentially to BDNF and NT-3, respec- 
tively, but not to NGF (Soppet et al„ 1991; Squinto et 
al., 1991; Klein eta/., 1991b; Cordon-Cardoetal., 1991; 
Lamballe et aL, 1991). trkB and trkC were isolated by 
low stringency hybridization with a segment of trk 
representing the transmembrane and tyrosine kinase 
domain (Klein et al., 1989; Lamballe et aL, 1991). The 
kinase domains of trk, trkB, and trkC share approxi- 
mately 85% sequence homology, defining a subfamily 
of receptor tyrosine kinases that share several signa- 
ture features (Table 2). One of a pair of tyrosines 
(am ino acid 674) probably serves as the autophosphor- 
yfation site. A threonine substitution of a highly con- 
served alanine at position 648, a tryptophan residue 
at position 723, absence of a conserved proline resi- 
due at residue 767, and a short carboxyl terminus are 
features that distinguish trk kinases from other tyro- 
sine kinases (Table 1). It is noteworthy that many other 
growth factor receptors do not contain many of these 



Table 2. Receptor Tyrosine Kinases with Relevance to the Nervous System 



Subfamily 



Receptor Tyrosine Kinases 



References 



FCF receptor 

EOF receptor 

Neurotrophin receptor 

Insulin receptor 
Eph 



PDCF receptor 



Arlc/Axl/UFO 



FGFR1/flg/Cek1fti2 
FGFR2/bek/KGFR/Cek3 
FGFR3/Cek2 
FGFR4 

EGF receptor 

neu 

tyro-2 

trk NGF receptor 
trkB SDNF receptor 
trkC NT-3 receptor 

Insulin receptor 
IGF-1 receptor 

Eph 
Eck 
Elk 
Eek 
Erk 

Cek4/Mek4 
CekS 

PDGF A receptor 
PDGF B receptor 
CSF-1 receptor (c-fms) 
flt-V€CF receptor 
kit 

flk-2, flt-3 
flk-1, KDR 

Ark 

tyro-3 

Axl/UFO 



Lee et aL, 1989 
Dionne et al., 1990 
Keegan et al., 1991 
Partanen et al., 1991 

Ullrich et al., 1984 
Bargmann et al., 1986 
Lai and Lemke, 1991 

Marti rvZanca et al., 1989 
Klein et al., 1989 
Lamballe et aL, 1991 

Ullrich et al., 1985 
Ullrich et aL, 1986 

Hlrai et aL, 1987 
(Jndberg and Hunter, 1990 
Lhotak et al., 1991 
Chan and Watt, 1991 
Chan and Watt, 1991 
Sajfadi et al., 1991 
Pasquale, 1991 

Matsui et al., 1989 
Cronwald et aL, 1988 
Coussens et aL, 1986 
de Vries et aL, 1992 
Besmer et aL, 1986 
Rosnet et aL, 1991 
Matthews et al., 1991; 
Terman et aL, 1991 

Rescigno et aL, 1991 
Lai and Lemke, 1991 
CrBryan et aL, 1991; 
JanssenetaL, 1991 



Receptor tyrosine kinases, with potential relevance to the nervous system, 
et al. (1988). A primary reference for each receptor is given that provides 



are organized into subfamilies based upon criteria by Hanks 
pertinent sequence Information. 
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Figure 1. Structure of Neurotrophin Receptors 

Extracellular motifs found in the trie family members include two cysteine-rich clusters and three 24 amino acid repeats rich in leucine 
residues (Schneider and Schweiger, 1991)..The trk (Martin-Zanca et a!., 1989), trkB (Klein et al., 1989) r and trkC (Lambalie et al., 1991) gene 
products form a subfamily of receptor tyrosine kinases. The p7S^ molecule, characterized by four 40 amino acid repeats with 6 
conserved cysteine residues (Johnson et al., 1986; Radeke et al., 1987), is capable of binding ail neurotrophins (Rodriguez-TSbar et al., 
1992) and should be considered a neurptrophin receptor. 



structural features, though neurotrophic effects in 
neuronaJ cultures have been discovered with basic 
fibroblast growth factor (FGF; Wagner, 1991), insulin 
(Recio-Pinto et al., 1986), and epidermal growth factor 
(Morrison et al., 1987). 

These trk family members bear considerable resem- 
blance to p140** not only in the consensus tyrosine 
kinase domain, but also in the extracellular domain. 
The cysteine residues are nearly all conserved among 
trk, trkB, and trkC receptors, and there is approxi- 
mately 50% homology among the extracellular bind- 
ing domains. Roughly the same degree of homology 
exists between their iigands, NCF, BDNF, and NT-3. 
The extracellular domain of the trk tyrosine kinase 
is distinguished by a number of striking motifs (Fig- 
ure 1), including three tandem leucine-rich repeats 
of 24 amino acids containing 8 leucines, which are 
bounded by two clusters of cysteine residues (Schnei- 
der and Schweiger, 1991). Leucine-rich repeats have 
been found in the Drosophila toll gene product, 
a receptor responsible for dorsal-ventral polarity 
(Hashimoto et al., 1988), and the slit gene product, 
a secreted molecule that is implicated in glia-axon 
interactions (Rothberg et al., 1990). A common denom- 
inator is that protein-protein interactions or cell adhe- 
sion events may be m diated by these leucine-rich 
domains. 

For trk receptors, the possibility of potential pro- 
tein-protein interactions is heightened by the pres- 
enc of two immunoglobulin-like C2 repeats in the 
extracellular domains (Figure 1), suggesting that extra- 



cellular matrix or cell surface proteins may interact 
with trk receptors. These issues have yet to be tested. 
Truncated forms of trkB lacking the cytoplasmic do- 
main, p95 ft * B (Middlemas et al., 1991), have been de- 
tected in ependymal cells found in ventricular linings 
and in choroid plexus (Klein et aL, 1990a). The short- 
ened receptor contains ail the leucine-rich and C2- 
IgC repeat structures of the full-length receptor and 
is derived from the same gene. The noncatalytic 095**° 
molecule may act as a scavenger receptor to maintain 
high levels of neurotrophins, or participate in func- 
tions involved with cell adhesion or signaling. A re- 
lated gene that encodes immunoglobul in-like repeats 
in the extracellular domain has been discovered in 
Drosophila (Puiido et al., 1992). No evidence currently 
suggests that neurotrophins function through this re- 
ceptor. 

Consistent with the identity of BDNF and NT-3 as 
the Iigands for the trkB and trkC receptors is the highly 
specific expression of trkB (Klein et al., 1990a, 1991b) 
and trkC (Lambalie et al., 1991) in the central nervous 
system. trkB and frfcC transcripts have been detected 
in cerebellum, cortex, and hippocampus -regions that 
can be correlated with BDNF and NT-3 expression 
(Klein et al., 1991b; Lambalie et al., 1991); however, the 
exact relationship between ligand and receptor awaits 
colocatizati n experiments. Furthermore, functi nal 
receptors for NT-4 and NT-S have been assayed in 
transfected cells in culture, with trkB responding to 
both of these factors (Berkemeier et al., 1991; lp et al., 
1992; Kl in et al., 1992). In cultur , cross-talk exists 
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Figure 2. Promiscuity of Neurotrophic Factors 
Multiple interactions exist between neurotrophins and their re- 
ceptor tyrosine kinases (Soppet et al v 1991; Cordon-Cardo et al., 
1991; Squinto et al., 1991; Lamballe et al„ 1991; Berkemeier et 
al. # 1991; Klein et al., 1992; lp et al., 1992). The principal ligand- 
receptor interactions are denoted by heavy arrows, and weaker 
interactions are shown with thinner arrows. In addition, all neu- 
rotrophins bind £75"°*. 



between neurotrophins and trk members. Whether 
these interactions occur in vivo remains unclear. 

Fibroblasts expressing the trk family members have 
been useful in demonstrating the potential relation^ 
ships between the neurotrophins and their receptors. ' 
By the tests of cell transformation, increased a uto- 
phosphorylation, and direct binding assays; many 
overlapping relationships have been discovered (Fig- 
ure 2); these relationships are similar to those ob- 
served in the FGF and insulin growth factor families. 
Although NGF, BDNF, and NT-3 are the principal Ji- 
gands for trk, trkB, and trkC, respectively, trk and 
trkB receptors can respond to multiple neurotrophins . 
(Klein et al, 1991b; Class et al., 1991; &f»^f£jj&,.; 
1991; Squinto et al., 1991; Cordon-Cordo^ a| ; ; (1$f; 
Berkemeier et al., 1991; lp et al., 
1992). For example, autophosphorylation of p14^ in 
fibroblasts is induced not only by NGF, but also by 
NT-3, NT-4, and NT-5 (Cordon-Cardo et^a^i WI; 
Berkemeier et al., 1991; lp et al., 1992). As lor otrSer 
growth factor families, a major objective is to define 
the molecular basis of specificity in these^igand-re: 
ceptor interactions. t . ■ - ^^j^v^ ; \ 

These results highlight the necessity of interpreting 
the behavior of tyrosine kinase receptors in the appro- 
priate cellular environments. Functional responses 
promoting cell proliferation by trk family members in 
fibroblasts may have little physiological significance, 
as members of the trk family have not been found to 
be expressed in fibroblasts in vivo. Cell proliferation 
assays have depended upon the tyrosine kinase activi- 
ties of the trk receptors to initiate cell division in heter- 
ologous cells, but have not addressed activities nor- 
mally ass ciated in ceils that are postmitotic and 
undergoing terminal differ ntiation. Since increased 
tyrosine phosphorylation activity and cell transforma- 
tt n can ev n be mimicked without the benefit of a 
ligand-receptor interaction, for example, by inhib- 
iting cellular phosphatases (Klarlund, 1985), addi- 



tional signaling vents must be necessary for each 
specialized function. 

NT-3 displays the greatest degree of promiscuity, 
binding and activating each trk receptor family mem- 
ber when expressed in fibroblasts (Figure 2). This pro- 
miscuity in action could reflect an inherent redundancy 
among neurotrophic factors, the use of inappropriate 
concentrations of factors in these in vitro experi- 
ments, or the existence of a mechanism to ensure 
additive effects of neurotrophins. NT-3 displays very 
limited effects upon pl^^-dependent differentiation 
.in PC12 cells, but is more effective in stimulating 
plW"* in fibroblasts (Squinto et al., 1991; Berkemeier 
et al., 1991; Cordon-Cardo et al., 1991), strongly ar- 
guing that the cellular setting is important for neu- 
rotrophin action. The limited response of neuronal 
populations and the extremely low levels of neuro- 
trophins found in responsive tissues suggest that con- 
siderably more specificity is dictated in the ligand- 
receptor interactions. 

The problems that face studies of neurotrophins are 
similar to those that exist for the FGF family, which 
has seven members and four distinct receptor genes 
(FGFR1-4; Table 2), with additional forms generated 
^.differential splicing. The FGF family modulates pro- 
: Iteration of cells derived from the mesoderm and 
, neuroectoderm, but also promotes differentiation of 
hippocampal, cerebellar, and ciliary neurons (Walicke 
et at., 1986; Morrison et al., 1986; Hatten et al., 1988; 
Unsicker et al., 1987). NGF and basic and acidic FGF 
display very similar neurotrophic effects upon PC12 
cells (Tbgari et al., 1985; Rydel et al., 1987). Although 
■ { r^GF.and FGF exert their effects through tyrosine phos- 
phorylation, the initial events stimulated by these fac- 
to rsjare. distinctive, since the inhibitor K-252a does 
not affect basic FGFs ability to elicit protein tyrosine 
phosphorylation and neurrte outgrowth, or to inhibit 
FGF receptor tyrosine kinase activities (Koizumi et al., 
1988; Berg et al., 1992). The FGFR1/fig and FCFR2/bek 
receptors are known to bind both acidic and basic 
FGF. Again, the cellular basis of growth factor action 
,and the^constraints on each ligand-receptor interac- 
tipn have not been defined, illustrating a common 
problem for these receptor tyrosine kinases. 
iVJhe ispecificity of action of different neurotrophins 
. may be explained by the differential in vivo pattern of 
growth factor expression, the level and localization of 
receptor tyrosine kinase expression, and higher order 
structural features that permit multiple factors to bind 
to the same receptor. The emerging patterns of neuro- 
trophin expression (Wheeler and Bothwell, 1992; Schec* 
terson and Bothwell, 1992) will ultimately define the 
role of each factor and receptor in promoting the com- 
plex signaling required for initiation and maintenance 
of a diff rentiated phenotype. 

Anoth r mechanism could involve membrane- 
specific factors, such as p75 NGFR , which binds to all 
neurotrophic factors and may provide additional se- 
lectivity of binding (R driguez-TSbar et al., 1 990, 1992). 
Therefore, p75 NCFR should be considered more appro- 
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priatelyasa neurotrophin receptor, and riot merely an 
NCF receptor. Binding experiments with NCF, BNDF, 
and NT-3 have demonstrated that each neurotrophic 
factor binds to p^* 0 * with a low affinity, but the rates 
of association and dissociation vary, markedly^ with 
NCF having the fastest, and BDNF the slqwesj off rate 
(Rodriguez-Tebar et al., 1992). These binding varia- 
tions are believed to reflect differences irt'the .binding 
between p75 NCfR and each neurotrophin,! ^ llie three- 
dimensional structure of the f* subrinrt of NCF (Mc- 
Donald eta!., 1991) revealsaflat, asymmetric molecule 
with several ft hairpin loops, which may serve as recep- 
tor-binding sites. The structural features' of neuro- 
trophins and their receptors will eventually permit a 
better understanding of the events that le^d to greater 
discrimination in neurotrophin signaling; 



Perspectives 

As a class of signaling molecules, the protein tyrosine 
kinase family has dominated studies of j ^mitogienlc 
pathways. This is not surprising; since ^ 
activities were originally eir^sed!;^ . 
gers in oncogenic retroviruses j^^ 
tyrosine residues gains part pif.(tsiisc^m 
tion from the selective and limited ^Mj^^ei^ f - : - 
matic events that take place. Iricra^^ 
phorylation or misexpression in inappropriate cells 
results in increased cell proiife'ratibh^ 
single cysteine residue- in, 
p140 fr * can activate <its •tj^in$; Wn^^^/ ; ^e: 
suiting in incj^rasedceji^^ 
Therefore, tumorigenid C" L 
transforming oncogert$ : 

straints of its normal act , , /r , v r . ,, „ 

I n the nervous systeny^ 
naling activities mediated /^tigr^ 
bers must be t 
each neuronal 

fluenced by tyrosi ....... ,, v , 

identical d^^m'f^^^^^^B^. 
ley et al., 1991). A cascade'of le^^p " 1 

trophin signaling inwlyih^^ 
and ras gene productsfchi^t^fi^^ " 
body microinjection and><trS^^ 
have indicated a po5sibie''1iiii^ 
trk^src*ras-*-raf-^-*neurite .t^nsfon'^^n^f'W 
a!., 1991; Wood et al., 1992). Paradoxically/^^ 
cules have been the focus of attention in cell transfor- 
mation, but they perform distinct functions and may 
participate in decisions that eventually determine pre- 
cise cellular circuitry and architecture in the nervous 
system. It is important to note that the functions medi- 
ated by these molecules, namely, transformation and 
differentiation, ar dissimilar and mutually excjusive. 
The finding of multipl , related factors and receptor 
tyrosine kinases raises a challenging series of signal 
transduction questi ns and regulatory mechanisms, 
from which a series of unifyingprinciples will emerge. 
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Cover image: The autoradiograph illustrates the widespread localization of 
mRNA encoding the NMDA-R1 receptor subtype determined by in situ hy- 
bridization. Areas of high NMDA receptor xpression are shown as light re- 
gions in this horizontal section of an adult rat brain. 

From Moriyoshi K, Masu M, Ishi T, Shigemoto R, Mizuno N, Nakantshi S. 
1 991 . Molecular cloning and characterization of th rat NMDA receptor. Na- 
ture 354:31-37. 
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Target source of 
neurotrophic factor 



&^ 3 '^ The neurot ">Phic factor hy- 
gheas. (Adapted from Reichardt and Farinas 

fer S 6Xtend aX °^ S 10 the vicini, V of tar- 

«|ie target cells secrete limited amounts of 
iwotrapfuc factors. The neurotrophic facto?! 

*£o not rece,ve adequate amounts of neu- 
^cfa^dieovapo^^^- 




tj^* f the motor neurons generated in the 
motor column of the chick spiral cord are del 

gons that died was increased by removing the tar** 

if). Thus the size of the muscle target TriticSTr 
feumval of spinal motor neuron?™™^ o 
^overprod uction followed b ^J"^ 

t 311 regions * * e 

pnerai nervous systems. 



could, in turn, influence survivSK ,? neuron 

degree of neuronal death. However detScal »^ 
the neurons themselves also ^7^1^ 
appropriate responses **ma£^££%£ ** 
™«u nervous systems. — hvit y might regulate both pioduSn of «n 4 aC " 



Ktrfrf«rr " ^^^theideathatthe target 
^ttiesis, I^a-MontaJani and Stanley Cohen isolate 

GS£? rl^f Sensoiy neurons ^^ctS- 

Idh^^ The identification of NGF provided the 
J^supportfortheneurotrophichypothesis 

6 SUmval of motor neurons depends on 

^amission ^ ^S 8 8U <* as curare produces a dra 
Jgic enhancement in the number of motor neumn, 
ft sunave (Hgure 52-U). Conversely^ st£T 



Target Cells Secrete a Variety of 
Neurotrophic Factors 

«*ophic boon. We „„„ wS?p £ *T ™"- 

«*« ^ 3 
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Part VET / Hie Development of the Nervous System 



Box 5M Discovery of Nerve Growth Factor 



Shortly after Viktor Hamburger and Rita Levi-MontaJcini de- 
termined that target tissues have a critical role in regulating 
the number of surviving neurons, Elmer Bueker, Hamburger's 
former student, performed experiments to determine whether 
the implantation of various tumor tissues into mice might 
serve as a substitute peripheral target supporting the survival 
of sensory neurons. Bueker found that mouse sarcoma tissue 
evoked extensive growth of sensory fibers into the tumor. He 
also observed that dorsal root ganglia near the site of im- 
planted rumors were significantly larger than the correspond- 
ing ganglia on the opposite side of the spinal cord. 

These studies were extended by Levi-Montaldni and 
Hamburger, who noted a dramatic increase in the size of sym- 
pathetic ganglia in the vicinity of the sarcoma implant. Further 
experiments showed that the effect of sarcoma cells was 
caused by a diffusible factor. U^-Montaldni developed quan- 
titative assays to measure the effects of the tumor tissue on the 
survival and outgrowth of axons from sensory and sympa- 
thetic ganglia in vitro. Together with Stanley Cohen he began 



rurally related to NGF, and the entire family exhibits a 
distant rektionship to members of the transforming 
growth factor 0 (TGF0) family. 

The neurotrophins interact with two major classes 
of receptors. The major signal-transducing receptors are 
a family of three membrane-spaniiing tyrosine kinases 

Table 53-1 A Partial List of Neurotrophic Factors 

Neurotrophin class 
Nerve growth factor 
Brain-derived neurotrophic factor 
Neurotrophin 3 
Neurotrophin 4/5 

Interleukin 6 class 
Ciliary neurotrophic factor 
Leukemia inhibitory factor 
Cardiotrophin 

Transforming growth factor p class 
, Transforming growth factor 0 3 

Bone morphogenetic proteins 

Glial-derived neurotrophic factor 

Neurtuxin 

Persephin 

Artemin 

Fibroblast growth factor class 
Hepatocyte growth factor 



to purify the diffusible molecule, which by this time had bed 
named nerve growth factor (NGF). ]jg 

In a key biochemical experiment, Cohen and Lev^ 
Montalcini attempted to exclude DNA or RNA as a source < 
the neurotrophic activity. By chance they used a crude t 
ration of snake venom as a source of a phosphodiesterase'* 
tivity intended to degrade any nucleic acids present in 
tially purified preparations of the factor. Instead they founts 
that the snake venom itself produced a greater degree of axohl 
outgrowth than did NGF itself. m 

Cohen then investigated a mammalian counterpart of tnex 
snake venom gland, the male mouse submaxillaiy gland, aiH$ 
found that it was a rich source of NGF. This insightful obsejfl 
vation provided an abundant source of NGF for purificati * 
and protein sequencing. Subsequent work has shown that tow 
protein exists as a complex of three subunits, with a molecular! 
weight of 130^)00, The active component is the p subunit, a | 
118-amino-add sequence that exists in solution as a homo$ 
dimer. 



named trkA, trkB, and trkC, each of which exists as «> 
dimer (see Figure 53-13A)..NGF interacts .sdecrive^f 
with trkA, whereas brain-derived neurotrophic factor! 
and neurotrophin 4/5 interact primarily with trkBif 
Neurotrophin 3 activates trkC and, to a lesser extent| 
trkB. As with other tyrosine kinase receptors, actival 

of the trk receptors depends on the dimerization of 

receptor, a process initiated by the binding of the neul 
rotrophin Iigand. Phosphorylation of the cytoplasmi| 
domain of trk receptors recrtrite specific signaling mole$ 
cules within the neuron (Figure 53-14), many of whkh| 
are also used by other tyrosine kinase receptors. *f 

The netmotrophins also bind to a receptor called 
pTS 1 * 7 * (see Figure 53-13). In contrast to the trk receptor^ 
each neurotrophin binds to pTS 1 * 1 * with similar affirutyp 
The p75 mR receptor is thought to have several fwctionsj(j 
First, it can present NGF to trkA. Second, it transmits if$ 
traceUuIar signals directly through activation of b ansdul 
tion pathways that depend on signals triggered by menfftl 
brane lipids. Paradoxically, the activation of the p75 NT ^| 
receptor in cells that lack trk receptore has been shown n " 
promote rather than prevent neuronal cell death. M 

In addition to the neurotrophins, other classes 6fj 
proteins that promote neuronal survival include menifj 
bers of the TGF£ family, the interleukin 6-related cj| 
tokines, fibroblast growth factors, and sonic hedgehog 
Thus the secreted proteins that have patterning roles if 
early stages of neural development are also active la! 
in controlling the survival of neurons. 
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A Neurotrophin receptor interactions 
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pitre 53-13 Neurotrophic factors and their receptors;;'? 



hins interact with tyrosine kinase receptors of the . . ' 
ass. The figure illustrates the interactions of each member/ ; : ■"■•> 
|he neurotrophin family with the trk proteins: Strong ihten&c^s'r;- : 
jj$ are depicted with solid arrows; weaker iht#i^ctr6j)^.^^i : ^ ! /;" : 
|$M n arrows. In addition, all neurotrophins can bind to xhe}ii^i v: ;p^ 
Jfaffinrty receptor p75 NTR . Abbreviations: NGF = nerve B 
jppyth factor; NT - neurotrophin; BONF = brairKierived neu^^ 
|pophic factor (Adapted from Reichardt and ^nfias^B^^^ -ji 
|Two related cytokines, CNTF and LIF ( transduce, signals Via' 'i -fyi^ 
p^common receptor subunits, gp130and LIFjec«ptof^VfeS;^vV 4 
pition, CNTF activity depends on binding to a iipid^nchb'fe^^^- K;; ; 
tibunit of the CNTF receptor-*. s 'iv-rftyi'l-!-'^ 




;,B Cytokine receptor interactions 

' • Iv.i .t: 



mj ^ t „ | ||||W lipilw S l 

||TTie TGFp proteins-glial-derived neurotrophic factorJGDN^^^^ ■ ; j^^i^^K^Tipl^^Jf^^S^^ljgSB^^ 
|urturin, artemin, and persephin— transduce signals viVaYfe^?:?:''': ' * :■ V:!?S*lft '--''V*^*^ 

pfnmon receptor subunit. c-ret. Each (igand appears:tp birid^^ .■; ^ v ■ <'■■'> ' ; ■' ^■^^^-'v^^^^f ^ <:'i^^-\\ 
f|fetinct lipid-anchored subunit of the receptor* (Adapted frSrh »'-#y' ' ■■ ' 1 " ' ' 

§ nth8,i99£M . 'm^^M^ 0 

& • .far ■ 'r^-^mm^ 



preceptor interactions 




ation of Neurotropic Fa<^ ' 
__Vtors Leads to Neuronal Dw&?^ 

? l ' ^ '-I 3( l ^ f '(. r f/>W.ft ■ ■. ' ■ to'ns^Geneltargetirtg studies have shown that survival of 

tevidenceis there that trophic factors have e^senti^. sensory neurons is also dependent on the neurotrophins. 

ctions in neuronal survival? The , pioneering sto^ • ;Do neurotrophins have an equivalent role in pro- 

|f^vi-Montal^ of neurons in the central nervous 

||st demonstrated that sympathetica^ system? Here the picture is more complex The survival 

|wns require neurotrophic factors l^f^^ appears to depend on the actions of 

latently, the analysis of mouse s&ainsjc neurotrophic factors. The survival of motor 

ipns in the genes encoding neurotropy neurons in .vitro can be promoted by the neurotrophins 

^eir receptors has provided extensive geh^,^^^ BDNF. Despite this, the number of motor neu- 



||jfiat sensory and sympathetic neurons .r^ui^ 

)port from neuiotrophins secreted by their targets; : t$< 
ft v For example, sympathetic ganglia are virtually absent 
i mice carrying mutations in the NGF or trkA genes, con-, 
pinning Levi-Montaitini's early studies. Importantly; a 
Impartial depletion of these neurons occurs in mice that lack 
|*>ne copy of the NGF gene, supporting the idea that neu- 
m rotrophirts are normally provided in limited amounts. In 
liaddition, mice that lack the NT3 gene have a greatly rer 
liduced number of sympathetic neurons. Thus both NGF 



rons-in mutant mice lacking these neurotrophins or 
their < receptors is normal, suggesting that other neuro- 
trophic factors normally contribute to the survival of 
motor neurons. Candidates include the TGFp proteins, 
such as glial-derived neurotrophic factor, interleukin 6- 
like proteins, such as carcfotrophin-1, and hepatocyte 
growth factors, all of which are expressed by m uscles or 
by peripheral glial cells. Indeed, in mice lacking glial- 
derived neurotrophic factor 20-^30% of motor neurons 
are lost. Figure 53-15 shows some of the many neu- 
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Figure 53-14 Neurotrophics and cyto* 
kines exert neurotrophic action by pro- 
moting the dimerization of receptors and 
the activation of protein tyrosine kinases. 
A. Upon NGF binding, dimerization and 
phosphorylation of the {trk) receptor lead to 
tyrosine kinase activation and the associa- 
tion of the receptoricytoplasmic proteins 
such as phosphatidylinositol 3-kinase (PI-3 
kinase) and phosphofipase C7 (PLC -1) 
These proteins then activate multiple 
downstream proteins, including ras. Activa- 
tion of trk receptors also induces the phos- 
phorylation of SNT, a protein whose phos- 
phorylation is associated with neuronal 
drfferentiation and leads to activation of the 
ras/raf/MAP kinase pathway. 
B. Upon activation by cytokines, the CNTF 
or LIF receptor^ (LIFRB) complex activates 
cytoplasmrc JAK protein tyrosine kinases 
which phosphorylate many substrates irv- 
cludmg the STAT transcription factors ' 
(Adapted from Reichardt and Farinas T997 ) 
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rotrophic factors now known to promote the survival of 
motor neurons and peripheral neurons 

Although the provision of neurotrophic factors by 
target cells is a major influence on neuronal survival, it 
is also hkely that some instances of neuronal death may 
obey different rules. Some proteins implicated in neu- 
ronal cell death such as p75 and Fas, may therefore be 
activated by target independent signals. 

Deprivation of Neurotrophic Factors Activates 
a Cell Death Program in Neurons 

Neurotrophic factors were originally believed to pro- 
mote the survival of neural cells by stimulating their 
metabolism in beneficial ways-hence their name In- 
stead, ,t now appears that such factors act predomi- 
nantly by suppressing a latent biochemical pathway 
present in all cells of the body. This biochemical path- 
way * in effect, a program 0nC e activated it 
talk cells by apoptosis, a process characterized by four 
features: cell shrinkage, the condensation of chromatin, 
cellular fragmentation, and the phagocytosis of cellular 
remnants. Apoptotic cell deaths are distinguishable 
from necrotic cell deaths, which often result from acute 



traumatic injury and characteristically involve rapid 0 
as of cellular membranes without activation of L 
oogenous cell death program. , \, 

The first evidence that the lack of neurotrophicf 
tors lolls neurons by releasing an active biochemi 
program emerged from studies that assessed the etf 
of mhibrting protein or RNA synthesis on the survivs 
sympathetic neurons in vitro. Such neurons are m 
tamed in the continuous presence of NGF and dies! 
NGF is removed from the culture media. Surprising 
inhibiting protein or RNA synthesis at the time of Nj 
removal prevents removal death. The blockade of ,1 
tern synthesis also rescues neurons in vivo. These res, 
suggested that neurotrophic suppress an endoi 
death program. 

Many of the key insights into the biochemical 
ponents of the endogenous cell death program hi) 
emerged from genetic studies of the nematode woi 
Caenorhabditis elegans. During the normal develop 
of C elegans a precise and fixed number of ikIIs is £ 
ated. About 15% of these identified cells, most of , 
neurons, undergo programmed cell death. This ol 
vabon permitted the design of screens to identify « 
that either block cell death or increase the number of 
mg cells. About a dozen cell death genes (ced)> 
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Distinct neuronal subtypes depend on different neurotrophic factors 



Muscle sensory 
afferent neuron 



J 53-15 Differential dependence 
Isuronai populations erf the per- 
oral and motor systems on neuro- 
nic factors. Diagram is based on the 
ijjiotypes of mouse mutations in 

neurotrophic factors or their re- 
$rs have been inactivated by gene 
£ting. Abbreviation: DRG = dorsal 
ganglion. (Adapted from Reichardt 
Farinas 1997.) 



Cutaneous sensory 
afferent neuron 




C. elegans 




Vertebrates 

Cell death 
inhibitors 




Cell death 
promoters 
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Cell death 

5 ?* 16 . A ? 8netiC pathwav for «e» death in worms and 
£rtebrates. In the nematode worm C. elegans the ced9 protein 
as upstream of and inhibits the activity of ced4. which is re- 
nsdfc for activation of ced3. The activation of ced-3 results in 
J cleavage of protein substrates and results in cell death 
^ Many vertebrate homologs of ced9 have been identified and 

5S^htI he ^ 2 famiV Scme of these such as 

« rtself. inhibit cell death; but some promote cell death by an- 

09 of ced4) and the caspases (vertebrate homologs of ced3). 



known to control apoptosis in C. elegans (Figure 53-16) 
TWo of these genes, ced3 and ced4, are essential for cell 
death; in the absence of either gene all cells destined to 

fn^^ 8 ^; ^ k ^ *** <*d9, functions 
m celk that normally survive; it antagonizes the activi- 

fZt ^fL md P"*** ^ *™» ^ptosis 
(see Figure 53-16). Thus in the absence of ced9 activity 
many additional cells die, although these additional 
deaths are still dependent on ced3 and ced4 activity. 

Does the existence of a cell death pathway in a 
worm have any relevance to the developmental death of 
cells in the vertebrate nervous system? We now know 
that the nematode cell death pathway is conserved al- 
most completely in vertebrates and underlies the apop- 
totic death of neurons, indeed of all cells, programmed 
to die during development The discovery of this strik- 
ing conservation came initially with the cloning of the 
ced9 gene. This gene encodes a protein that is struc- 
turally and functionally related to members of the Bd2 
family of vertebrate proteins (see Figure 53-16), which 
had already been shown to protect lymphocytes and 
other cells from apoptotic death. The Bcl-2-like proteins 
function as dimers. Certain other members of this fam- 
ily bmd to Bd-2 and inhibit its function, thus promoting 
cell death. The molecular identification of other cell 
death genes soon followed. The C. elegans ced3 gene en- 
codes a protein closely related to a member of the verte- 
brate family of cysteine proteases, known as the cas- 
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Ced-9 



Ce<M 



Ced-3 




Cell lives 



Cell dies 



2r*!i?"n Caspas ? s u are Benerated in an inactive precur- 
sor form. Cleavage of the caspase precursor resufts in there 

teo^ically act.ve protein. Apaf 1 thought to interact with tte 
caspase precursor via a caspase recruitment domain or death 
^^^1 Belated proteins appear to inhibft cat 
pase actwauon by binding directly to Apaf-1. preventing its abil- 
ity to trigger pro-caspase cleavage, snungnsaoil 



C;S^7 lKated fa W°«c ceH deaths 

protein that is structurally related to another vertebrate 
protein, apoptosis activating factor-1 (Apaf-l) 

Caspases are enzymes that cleave substrate proteins 
at the ammo acid carboxy-tenninal to aspartate 
residues. The vertebrate caspase family contain more 
than a dozen members that can be divided into three 
subgroup on the basis of sequence analysis. Individual 
muium! subtypes appear to express different caspase 
n^nbers. Nevertheless, there is evidence that caspase 
activity 1S centra to the cell death program of all neu- 
rons. For example, viral proteins that function as cas- 
pase inhibitors, notably CnnA and P 35, axe effective at 
rescuing sensory and sympathetic neurons from neu- 
ronal death triggered by trophic factor degeneration. 
. "™ d0 mese Proteins interact to regulate cell 
death? The caspases (ced-3 in C. elegans) serve^The "ex- 
ecutors" of ceU death. The Apaf-l and ced-4 proteins pos- 
sess an ATP-dependent hydrolytic activity thought to 



NfGF treated 



NC3F deprived 




trfcA 





Cell survival 



Cell death 



Figure 53-18 Neurotrophic factor deprivation tricaers ess- 4L 

SKX"? ^ aP0Pt ° tiC Ce " death " WrLen^fl 
S^ a M f f t0r S '? na ' ing '* thou 9 ht to ac tivate Bcl-2 which 'W 
25? Apaf-1 act^ty and Wocks caspase cleavage. RemoSl « 
dLth ^ rm '^ C ' ea ^ a9e of P ro ^ s f«ses and results nT A 
cSSsesTu^r'r", 03 ? ptosis by acSojl 

Ssfsfert,?! U V nC,Ude Si9naling ^ the P75 NTI Vlum5 M 
necrosis actor class of receptors, or damage to DNA Each 

tStSZ!^ t0 . activate a distinct ^mWpSfiWi 

that triggers one of a large family of caspases. In manVcaseJ M 

™£f °t other te :9 et caspases, thus initiating a cascade of M 
caspase activation that leads eventually to the proteolvTof # 
non-caspase proteins that are essential for cell viabilfty ,« f | 



promote the processing and activation of caspases/ced-3<S 
(Hgure 53-17). Thus if Apaf-1 and ced-4 proteins are ab-# 
sent, the processing of caspases and ced-3 does not occur jP 
and cells survive. The Bd-2-Iike proteins (ced-9 in C. el*4 
^appear to prevent the activity of caspases and cecW| 
by interacting directly with Apaf-1 and ced-4 to inhibit'! 
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^•processing of their precursors (Figure 53-17). This 
idval-promoring activity is mediated in part by in- 
iting the ATPase activity of Apaf-1 and ced-4. Cas- 
- cleave a wide variety of protein substrates, many 

ich are essential for cell viability. 
§ .What is the biochemical link between neurotrophic 
Jot signaling and the activation of caspases? The bind- 
ipf neurotrophic factors to their tyrosine kinase recep- 
f is thought to lead to the phosphorylation of protein 
States that promote Bcl-2-Iike activities or inhibit cas- 
■ activity (Figure 53-18). The caspase pathway, and 
the cell death program, is also activated by many 
ter cellular insults, including DNA damage and anoxia. 
?reover, some instances of apoptotic deaths may not in- 
to: Bcl-2 and Apaf-1 related proteins but even in these 
i, caspases may still serve as the final executors of 
.rtotic cell deaths. Because many neurodegenerative 
aiders result in apoptotic death, pharmacological 
jtegies to inhibit caspases are being investigated. 

i Overall View 

Jembiyonic development of the nervous system in- 
|yes the generation of an overabundance of neurons 
I glial cells and the programmed death of superfluous 
; From beginning to end, intercellular signals provide 
Jal direction to the developing nervous system. After 
jiy years of descriptive embryology, the past decade 
£ seen the emergence of the first molecular insights into 
^fundamental issues in neurogenesis: (1) the mecha- 
ms by which cells acquire neuronal and glial identities, 
I (2) the mechanisms by which certain young neurons' 
J glial cells survive at the expense of others. 
) Major insights into these aspects of neurogenesis 
emerged from genetic studies of two invertebrate 
nisms: the fruit fly Drosophila and the nematode 
x C. elegans. This research has shown, once again, the 
, ( ng phylogenetic conservation of the molecular ma- 
aery responsible for animal development Yet, insight 
> the trophic factors that promote the development 
1 survival of nerve cells came first from studies of ver- 
►rates. Moreover, research on neurotrophic factor sig- 
jing and the biochemistry of cell death mechanisms is 
gimungtobeappUed to the search for treatment of neu- 
pdegenerative disorders such as Alzheimer disease and 
amyotrophic lateral sclerosis (Lou Gehrig disease). 
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